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Calcite (the most stable form of CaCO3) is a common mineral that naturally exists in 
geology and biology, and can also be grown synthetically. In its pure and defect-free 
form, calcite is relatively soft and brittle. Amazingly though, despite its intrinsic 
shortcomings as a structural material, calcite often serves a structural purpose in 
biology. For example, the teeth, shells, and spines of many marine organisms contain, 
or are entirely composed of, calcite. These biogenic calcite-containing structures are 
much stronger and tougher than a pure control calcite crystal, and small-scale 
indentation testing suggests that even the single-crystals of calcite that make up these 
structures may be significantly harder than a pure control. The exact mechanisms of 
the increased hardness are not known, thus there is much interest in creating model 
synthetic calcite crystals to replicate and help explain such hardening effects.  
However, it is difficult to interpret the differences in hardness between different 
biogenic and synthetic calcites because the reference hardness of pure single-crystal 
calcite is not well known (there are large variations in previously-reported data). In 
this work, strides are made towards achieving a better understanding of the 
strengthening of biogenic and synthetic calcites in three ways: (1) Previous reports of 
the indentation hardness of calcite are compiled and compared, and new experiments 
are performed to quantify the effect of the indentation size effect and crystal 
anisotropy on hardness measurements of calcite. (2) A new indentation method is 
developed that allows for accurate measurements to be made on small, embedded 
 particles (like biogenic and synthetic calcite crystals), by accounting for the effect of a 
dissimilar matrix material. And (3) it is demonstrated that the hardness of pure 
synthetic calcite crystals can be increased by simply varying the kinetics of their 
growth. Additionally, previously published collaborative work (included in the 
Appendix) explains an important impurity-based strengthening mechanism in calcite. 
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situ for 24 hours from initial Ca2+ concentrations of a) 15 mM, b) 100 mM, and c) 175 
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which it grew. Values measured on crystals grown from in-situ growth experiments 
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Figure 1.  Crystal Morphologies.  Representative SEM images showing calcite 
crystals precipitated with different conditions of [AA]sol and initial [Ca]sol = 10 mM.  
(A to C) [Asp]sol = (A) 5 mM (B) 20 mM (C) 50 mM.  (D to E) [Gly]sol  = (D) 10 mM 
(E) 100 mM (F) 200 mM. 227 
 
Figure 2.  Occlusion of aspartic acid and glycine.  (A) The amount of amino acid 
occluded within the CaCO3 crystals, [AA]inc, as a function of the initial concentration 
of amino acid in solution, [AA]sol, for Asp and Gly at [Ca2+]sol = 10 mM.  (B) The 
distribution coefficients for Asp and Gly in calcite as a function of the initial [AA]sol at 
[Ca2+] = 10 mM.  The insets show sub-section of the respective graphs.  (C) The 
amount of Asp occluded as a function of [Ca2+]sol at an initial [Asp]sol = 10 mM.  (D) 
The distribution coefficient of Asp in calcite at and initial [Asp]Sol = 10 mM. 230 
 
Figure 3.  XRD analysis.  (A and B) Lattice distortions arising from the incorporation 
of aspartic acid and glycine in calcite, (A) along the c-axis and (B) the a-axis.  (C and 
D) XRD peak broadening (FWHM) due to strains induced by (C) aspartic acid and (D) 
glycine incorporation.  The inhomogeneous strains show a maximum with (E) aspartic 
acid (F) glycine while the macrostrain continues to increase, as is consistent with 
overlapping of the strain fields associated with the individual molecules as the 
spacings between the molecules become smaller. 231 
 
Figure 4. Solid-state NMR Analysis.  Contour plots of a proton driven spin diffusion 
(PDSD) analysis of calcite precipitated in the presence of [1,4-13C2 Asp] = [3-13C Asp] 
= 25 mM.  The red traces are rows extracted from the 2D dataset at the frequency of 
the (a) 3-carbon signal and (b) the overlapped 1,4-carbon signals.  Proximity between 
the 3- and the 1,4-labelled Asp would manifest as a peak (in the red trace) at the 
frequency of the (a) 1,4-carbon and (b) 3-carbon, as indicated by the dashed vertical 
red line. 233 
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Figure 5.  Molecular Dynamics Simulations.  (A) The total occlusion energy for 
Asp2- and Gly0.  (B) Radial distribution function of Ca-Ca distances in pure calcite and 
calcite with occluded Asp2- and Gly0.  (C) Configurational energies of calcite with 
occluded Asp2- and Glyo, calculated on expansion of the calcite crystal along the c-axis 
and a-axis.  The energy minima are found at Δc/c values of 0.002 and 0.003 for the 
incorporation of 2.3 mol% Asp2- and 2.8 mol% Gly0 respectively.  ‘x’ denotes the 
energy minimum of pure calcite, where the arrow shows the distortion from the pure 
calcite sample to the experimental values found at and ‘o’. (D) Schematics showing 
Asp2- and Glyo occluded in the calcite crystal. 236-237 
 
Figure 6.  Mechanical Properties.  (A) Hardness vs. [AA]inc for calcite occluding 
Asp and Gly (inset: scanning force image of representative plastic indentation in 
calcite).  Schematics of (B) dislocation bowing out between AA molecule pinning 
points, and (C) force balance between dislocation line tension T and the resisting force 
F provided by the molecule. The “cutting force” Fc is the force needed for the 
dislocation to cut the molecule.  Since Fc << T, the effective spacing L´ is greater than 
the actual spacing L.  (D) Hardness vs. L-1 = (Cv,AA*t)0.5, where the linear behaviour 
supports blocking by molecules as the strengthening mechanism.  (E) Fc calculated 
using measured hardness and estimated molecular spacings as compared with 
expected mechanical bond strengths.  239-240 
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CHAPTER 1: INTRODUCTION 
Calcite (the most thermodynamically stable form of CaCO3) is a common mineral that 
exists in geology, contained in sedimentary rocks like limestone and shale, and also in 
biology, for example in the shells, teeth, and spines of marine organisms. The 
mechanical properties of calcite are important for a number of practical reasons. For 
example, calcite is an important ingredient in man-made structural materials like 
concrete and cement [1, 2]; crushed calcite powders are used as low-hardness 
abrasives or pressed together into pharmaceutical antacid tablets [3]; and the 
mechanical strength of calcite-containing limestone and shale is important in CO2 
sequestration processes used to store greenhouse gas pollutants [4], as well as the 
hydraulic fracturing processes used to release trapped oil and gas [5]. Another reason 
the mechanical properties of calcite are interesting is that many biological organisms 
use it for structural purposes. 
In a pure and defect-free form, calcite is relatively soft and brittle. For example, 
pure crystals of calcite can be compacted together to form a soft and crumbly piece of 
chalk suitable for writing on a blackboard (e.g., Figure 1.1a). Examples of such pure 
and defect free crystals are usually either of geologic origin, or grown synthetically 
under certain growth conditions. The mechanical strength of such crystals has been 
measured by bulk compressive testing [6] and, in many cases, indentation [7-37]. 
These crystals are prone to fracture, and their hardness is low. In fact, of the common 
biominerals (e.g., silica, apatite, and calcite), pure calcite has the lowest hardness [31]. 
However, despite the inherent mechanical weakness of calcite in its pure and perfect 
form, biological organisms somehow manage to effectively use calcite for structural 
purposes (e.g., Figure 1.1b). For example, the teeth, shells, and spines of many marine 
organisms contain, or are entirely composed of, calcite. Mechanical testing of these 
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biogenic calcite-containing structures on the scale of multiple crystals shows that they 
are much stronger and tougher than a pure and perfect control calcite crystal [38-40]. 
Some of this difference in mechanical properties can be attributed to the 
polycrystalline and composite nature of the biogenic structures, in which calcite 
crystals are often cemented together by organic material and/or mixed with other 
mineral phases (e.g., aragonite, a less stable, and inherently harder [31], polymorph of 
CaCO3). Interestingly though, small-scale mechanical testing (i.e., indentation 
hardness testing) on individual single crystals of calcite from biogenic structures 
suggests that even the single crystal constituents can be more than 60% harder than a 
pure and perfect control crystal: These reports include measurements on calcite from 
within the shells of brachiopods [17, 18, 41] and mollusks [23, 26, 27, 42-46], the 
teeth [25, 32] and spines [20, 47, 48] of sea urchins, as well as the spicule of a sponge 
[49]. Such crystals have been shown to include solutes [16, 23, 41, 47, 50] that 
provide solid solution strengthening [51] as well as occluded molecules and second 
phase particles [23, 41, 52] that impede both dislocation [53] and crack [54] motion. 
There is much interest in better understanding and synthetically replicating the 
mechanisms that could lead to such single-crystal strengthening using model synthetic 
calcite. For example, synthetic crystals have been produced that include biomimetic 
impurities like solutes [51], small molecules [53], and second phase particles [19, 33, 
37], as well as crystals with exotic impurities like carbon nano-tubes [34] and 2D 
sheets of graphene [36] 
Studying the difference in hardness between different calcite crystals is 
complicated by a number of experimental factors. The small size of many biogenic 
and bio-inspired synthetic crystals (often <100 µm) requires small-scale mechanical 
testing techniques, such as micro- or nano-indentation. In general, indentation 
measurements can be affected by many factors, including the indentation size [55, 56]. 
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Indentation measurements on single crystals can also be affected by additional factors 
related to crystal orientation [57, 58]. Furthermore, indentation measurements on small 
particles can be affected by any dissimilar material surrounding the particle of interest 
[59-63]. Existing literature values for the hardness of various calcites are clouded by 
these complications. Indeed, the reported values of indentation hardness of even pure 
defect-free single crystal “control” calcite crystals cover a large range of 1.5-3.5 GPa 
[7-37], nearly comparable to the 1-4.5 GPa range reported for biogenic calcite crystals 
[17, 18, 20, 23, 25-27, 32, 41-49]. In order to understand the hardness of biogenic 
calcites, a fundamental understanding of any variations in the indentation hardness of 
control calcite crystals must first be achieved. 
In this thesis, I use careful indentation experiments on calcite crystals to help 
quantify and explain the difference in hardness between biogenic, synthetic, and 
control calcite crystals. Towards this end, first I determine how experimental factors 
such as indentation load and crystal orientation can affect indentation measurements 
on calcite crystals, and what role those factors play in the large variations in hardness 
data reported in the literature. Then, I determine the effect that dissimilar material 
surrounding a small particle (like a biogenic or synthetic crystal) has on indentation 
measurements of small particles. Together, these achievements help develop a good 
baseline for comparing calcite crystals with real, intrinsic differences. Once the effect 
of experimental factors like crystal orientation and surrounding material are 
understood, I then apply this understanding to measure the hardness of pure synthetic 
calcite crystals grown at different rates, and apparently with different defect structures 
(possibly due to a different growth mechanism, similar to that observed in biology). 
Additionally, previously published collaborative work (included in the Appendix) 
explains an important impurity-based strengthening mechanism, which is controlled 
by the force to break apart the covalent bond holding a molecular impurity together. 
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Figure 1.1: Examples of CaCO3 structures. a) A crumbly piece of chalk made of pure 
calcite, compared to b) the shell of the mollusk Atrina rigida, which is a composite 
containing calcite in the outer protective layer.  
*Part a from https://www.flickr.com/photos/thisisher/3259010655  
*Part b reproduced with permission from Kunitake, M.E., et al., Evaluation of 
strengthening mechanisms in calcite single crystals from mollusk shells. Acta 
Biomaterialia, 2013. 9(2): p. 5353-5359. 
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CHAPTER 2: BACKGROUND 
2.1. Structure and Mechanical Properties of Calcite 
2.1.1. Solid phases of CaCO3 
At room temperature and pressure, calcite is the most stable polymorph of CaCO3. It 
has a trigonal-rhombohedral crystal structure that belongs to the R3c space group 
(International Union of Crystallography No. 167). Calcite has a density of 2.71 g/cm3, 
and under high enough hydrostatic pressure, calcite is known to convert to at least two 
other spontaneously-reversible phases, calcite II (at 1.7 GPa) and calcite III (at ~2 
GPa) [1]. The other crystalline polymorphs of CaCO3 are aragonite (orthorhombic 
structure) and vaterite (hexagonal structure), and they have densities of 2.95 and 2.56 
g/cm3, respectively. Additionally, CaCO3 can exist in the form of hydrates (such as 
hexahydrate and monohydrate), and as a solid amorphous phase, called “amorphous 
calcium carbonate” (ACC) [2]. Each of these phases is metastable and in a pure form 
will readily convert to calcite over time at room temperature and pressure. In this 
work, I focus on the properties of the stable crystalline phase of CaCO3, calcite. 
2.1.2. Morphology and structure of calcite 
The macroscopic morphology of a pure and defect-free calcite crystal is exemplified 
by the relatively large and optically transparent, geologic single crystals known as 
Iceland spar, named after a famous outcrop of such crystals in Iceland [3]. An example 
of an Iceland spar crystal is shown in Figure 2.1a. The optical transparency of Iceland 
spar crystals is related to the high degree of purity and crystallographic perfection of 
such crystals. Furthermore, these crystals are faceted, with a rhombohedral 
morphology that reflects the low-surface-energy planes of the underlying crystal 
structure.   
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Figure 2.1: Examples of calcite single crystals. a) A large, faceted single crystal of 
pure, geologic Iceland spar calcite. b) Elongated and impure single crystal prisms of 
calcite extracted from the outer layer of the shell of the mollusk Atrina rigida.  
*Part a from http://www.spiritrockshop.com/images/DSCN4947.JPG,  
*Part b reproduced with permission from: Li, H.Y., et al., Calcite Prisms from 
Mollusk Shells (Atrina Rigida): Swiss-cheese-like Organic-Inorganic Single-crystal 
Composites. Advanced Functional Materials, 2011. 21(11): p. 2028-2034. 
  
a) b)
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In general, I will refer any such crystal with a high degree of purity and perfection as a 
“control” crystal. In contrast, biological organisms often grow small (micrometer-
scale) calcite crystals with defects and irregular morphologies. For example, an SEM 
micrograph of elongated single-crystal prisms extracted from the outer layer of the 
shell of a mollusk [4] is shown in Figure 2.1b. In general, I will refer to any such 
crystal with biological origins as a “biogenic” crystal. 
The calcite crystal structure is schematically illustrated in Figure 2.2. The crystal 
structure has trigonal-rhombohedral symmetry, but the unit cell is commonly 
referenced using hexagonal notation [5]. The dimensions of the hexagonal unit cell are 
a = 4.99 and c = 17.06 Å. A 3D view of this hexagonal unit cell in Figure 2.2a shows 
that the crystal is composed of alternating layers of Ca2+ and CO32- ions that are 
vertically stacked in the direction of the c-axis, with 3-fold symmetry about the c-axis. 
Each alternating Ca2+ or CO32- layer is slightly shifted horizontally with respect to 
adjacent layers. Furthermore, in every other layer of CO32-, the C-O bond of each CO32- 
group is rotated about the crystal c-axis by 60 degrees, with respect to adjacent layers 
of CO32-. The arrangement of these layers is more easily interpreted in the cross-
sectional view in Figure 2.2b, looking down the +a2-axis (-a2-axis pointing out of the 
page). Note that in this cross-sectional view any atoms not in the plane of the page are 
simply projected forward, as are the boundaries of the unit cell. In this view, each 
layer of CO32- is oriented such that the direction of the C-O bonds alternates pointing 
in or out of the page every other layer. Because of this periodic rotation of the CO32- 
groups, the proper definition of the unit cell (as shown here) necessarily contains a full 
6 layers of each Ca2+ and CO32-. This is important to note, since some early studies 
(and unfortunately a few more recent studies [6-9]) have used different unit cells that 
do not contain the full symmetry of the CO32- layers, and are only based on the 
morphology of geologic control crystals.  
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Figure 2.2: Schematics of calcite crystal structure. a) A 3D representation of the 
hexagonal unit cell. b) Cross-sectional view looking down the a2-axis, with out-of-
plane atoms projected into the plane of the page.  
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It is also important to note that the 3 symmetrical a-axes of the unit cell are defined as 
being parallel to the C-O bonds in the CO32- groups that make up the “first” CO32- layer 
(i.e., the first layer when stacked vertically along the c-axis, starting at the origin of the 
crystal coordinate system), and pointing in the opposite direction of the vector that 
starts at the C atom and points towards the O atom. 
Also in Figure 2.2b, some important crystallographic planes are labelled. These 
planes are {1014}, (0001), {1018}, and {1012}. The {1014} planes are important 
because they have the lowest surface energy, and are thus the natural occurring 
cleavage planes in geologic control crystals (e.g., facets in Figure 2.1a). The (0001) 
plane (i.e., the plane that contains the alternating layers of Ca2+ and CO32- referenced 
earlier) is important because many biogenic calcite crystals are elongated along the [0001] c-axis direction, normal to (0001). Furthermore, the orientation of these 
biogenic crystals (e.g., in the outer layer of a mollusk or brachiopod shell [10-13]) is 
such that (0001) is the natural wear surface. The other planes, {1018} and {1012}, 
are, in addition to {1014}, the possible slip planes [14]. Plastic deformation in calcite 
can occur by normal dislocation glide on {1014} and {1012}, and by twinning on 1018 .  
Note that here the crystal planes are represented by the full 4-index miller-bravais 
hexagonal notation {ℎ𝑘𝑖𝑙}. The third index in this notation is redundant, i.e., 𝑖 =−(ℎ + 𝑘). Thus, some authors have chosen to drop the “i” index and instead use a 
condensed 3-index notation [6, 7, 10, 11, 13, 15-19], i.e., such that the cleavage planes 
(of the full, 6 layer CaCO3 unit cell) are referred to as {104} instead of {1014}. The 
condensed notation is technically valid, but it makes distinguishing specific planes and 
directions of the same family difficult. For example, (1014) and (1104) each belong 
to the {104} family, but (1104) is (114) in the condensed notation—which is not 
obviously of {104} type. Furthermore, converting crystal directions between the two 
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systems is even more complicated. In the 4-index notation, the crystal direction that is 
parallel to the a1-axis is [2210], but is [100] in the condensed notation. Hence, I will 
stick to the 4-index notation here. 
2.1.3. Elastic properties of calcite 
Calcite is highly anisotropic elastically. Its single crystal elastic constants have been 
determined both experimentally [20] and theoretically [21]. Because of the trigonal 
symmetry of calcite’s structure, there are six independent elastic constants [22]. These 
are usually reported as the stiffness constants, 𝐶IJKL, in the condensed Voigt notation, 𝑐IJ. Based on a compilation of reported values included in the theoretical study by 
Zhang et al. [21], the experimentally determined stiffness constants reported by Chen 
et al [20] are close to the mean of all values reported in other studies. The values 
reported by Chen et al are (in GPa): 𝑐NN = 149.4, 𝑐NO = 57.9, 𝑐NP = 53.5, 𝑐NQ = −20.2, 𝑐PP = 85.2, and 𝑐QQ = 34.1. 
In the appendix of Chapter 4, I use these stiffness constants to construct and 
transform the compliance tensor S, in order to calculate Young’s modulus (E11 = 1/S11) 
for uniaxial loading in any crystallographic direction. In other words, the calculation 
gives E(x1’), Young’s modulus in any direction x1’. Starting with an orthogonal 
coordinate system with x1 parallel to one calcite a-axes and x3 parallel to the c-axis, the 
direction x1’ can be defined by rotating the initial coordinate system about x3 by an 
angle α, and then about the new x2’ by an angle β [23]. An illustration of this 
coordinate system is in Figure 2.3a.   
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Figure 2.3: Schematic illustrating a) the (α, β) coordinate system, and b) its relation to 
the morphology of a control geologic crystal. 
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Alongside, in Figure 2.3b, is a labelled schematic of a {1014} faceted calcite crystal, 
with (0001) plane exposed, to facilitate visual comparison between the (α, β) 
coordinate system and some relevant crystal planes in calcite. 
The results of the tensor transformation reveal that the global maximum and 
minimum Young’s moduli are both contained in the spherical “slice” at α = 30º (or 
equivalently, α = 150 or 270º), which also happens to be perpendicular to the common 
zone axis containing the 3 possible slip planes, {1014}, {1018}, and {1012}, which 
also happens to be the a-axis. For example, see the a2-axis in Figure 2.3b. Within the 
slice at α = 30, 150, or 270º, the global maximum Young’s modulus is 144 GPa at β = 
-23º, and the global minimum is 52 GPa at β = 40º. Neither of these directions are 
normal to any low-index crystal directions in calcite but, for comparison, β = -27º is 
normal to {1012} (where E = 141 GPa), and β = 45º is normal to {1014} (where E = 
53 GPa). Thus the directions normal to {1012} and {1014} are very close to the 
directions of highest and lowest Young’s modulus, respectively. In comparison, the 
Young’s modulus normal to (0001) is 58 GPa, and the average Young’s modulus 
(simple average over all possible directions) is 74 GPa. 
Additionally, Aouni and Wheeler [24] have shown by decomposition of calcite’s 
stiffness tensor that it should display auxetic behavior (i.e., a negative Poisson’s ratio) 
for loading in certain directions. Their calculations show a minimum Poisson ratio of -
0.0249, for loading in the direction of α = 30º and β = 47º, which is very close to the 
direction that is normal to {1014} (i.e., α = 30º and β = 45º). 
2.1.4. Plastic properties of calcite  
Pure geologic calcite is very brittle and tends to fracture before plastically deforming 
when loaded in most directions at room temperature. Much of the work exploring 
plastic deformation in calcite has been by compression tests at special orientations, 
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and often at elevated temperature and/or under confining pressure. Debresser and 
Spiers summarize much of this work [14]. Although there are apparently a few 
disparate reports of slip on {1210}, {1010}, and (0001) (all at temperatures > 300ºC), 
the important and consistently reported modes of plastic deformation are slip on {1014} along the <2021> direction, slip on {1012} along the <2201> or <0221> 
directions, and mechanical twinning on {1018} along the <4041> direction. The {1014}<2021> slip and {1018}<4041> twin directions are perpendicular to the a2 
zone axis shown in Figure 2.3b, and therefore in the plane of the page in Figure 2.2b. 
The {1012}<2201> or <0221> slip directions, however, are offset from that zone 
axis, such that they are in/out of the plane of the page in Figure 2.2b by +/- 30º. For 
deformation on any of these systems, there is a positive and a negative sense of slip. 
Slip on the {1014} and {1012} systems can occur in in either sense, but mechanical 
twinning on {1018} can only occur in the positive sense, since the carbonate groups 
have to “flip” or rotate during twinning and can only flip one way.  
In this work, in accordance with the natural environments of many biogenic 
calcites, I am most interested in deformation modes at or near room temperature. 
DeBresser and Spiers report that at room temperature, mechanical twinning on 1018  
is the easiest deformation mechanism, readily occurring even without confining 
pressure, and with a critical resolved shear stress (CRSS) of ~10 MPa [14]. In 
comparison, slip on {1014} and {1012} is rarely observed at room temperature, but by 
extrapolating values measured at higher temperatures down to room temperature, it 
seems the CRSS for these systems is above 200 MPa [14]. 
2.2. Indentation hardness measurements 
Besides compression testing, another common experimental method that has been 
used to measure the mechanical properties of calcite is indentation hardness testing. 
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Here I present a brief background on certain aspects of hardness that are relevant to 
the main chapters in this thesis. 
2.2.1. Different definitions of hardness, and microindentation 
Although quite different from indentation hardness, a simple and well-known metric 
that is called “hardness” is Mohs scale of mineral hardness [25]. Mohs scale of 
hardness is simply based on which common minerals can scratch other common 
minerals. It is mentioned here only because the Mohs hardness number of 3 is defined 
by calcite. All that this means is that calcite can scratch Gypsum (2 on Mohs scale) 
and Talc (1 on Mohs scale), but cannot scratch Flourite (4 on Mohs scale) or Apatite 
(5 on Mohs scale). In practice, this definition of hardness is only intended to be helpful 
to field geologists and is of little use to materials scientists. A more useful and 
quantitative description of hardness is indentation hardness. 
The fundamentals of indentation hardness testing are also simple. A typical test 
involves forcing a sharp, stiff indenter (typically diamond) normal to a flat, planar 
surface of a sample material, creating a permanent impression on the surface of the 
sample. Then the size of the impression is determined, and hardness is defined as the 
ratio between the applied load and some measure of the size of the impression created 
by the indenter. In a microindentation test, the size of the impression is measured 
directly by some imaging technique, usually with an optical microscope. Typically, 
microindentations are made at loads between ~100 and 2,000 mN. In calcite, this 
results in indentations that are typically ~1-6 µm deep and ~5-30 µm in diameter, 
depending on the geometry of the indenter [6, 9-11, 17, 25-33]. 
Microindentations can be made with different shaped indenters, and two common 
indenter shapes are called Vickers [34] and Knoop [33]. These indenters are both 4-
sided sharp pyramids, but the angle between adjacent faces is different for each type. 
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A diagram comparing the shapes of different common pyramidal indenters is in Figure 
2.4. The shape of the Vickers indenter (Figure 2.4a) is 4-fold symmetric about the 
indentation axis, while the Knoop indenter (Figure 2.4b) is only 2-fold symmetric. 
Furthermore, the angles between opposite indenter faces (and thus the angles between 
indenter faces and the sample surface during normal loading) are different for each 
type of indenter. All four edges of a Vickers indenter make an angle of 16º with the 
sample surface during normal loading, and the angle between all four indenter faces 
and the sample surface is 22º. For a Knoop indenter, the angle between one set of 
opposite indenter edges and the sample surface is 3.8º, and that angle is 25º for the 
other set of opposite edges (the angle between all four faces of the indenter and the 
sample surface is 25.2º). Traditionally, Vickers and Knoop hardness have been 
described by a Vickers hardness number (HV) or Knoop hardness number (KHN), 
respectively. These numbers (sometimes reported without any units other than HV or 
KHN), are defined as the ratio between the applied load (in kgf) and the surface area of 
the impression (in mm2). A more fundamental measure of hardness is Meyer hardness 
[35], which is the mean pressure under the indenter during indentation. Meyer 
hardness H is defined as: 
 𝐻 = 𝑃/𝐴(, (2.1) 
where 𝑃 is the applied load, and 𝐴( is the “contact area”, defined as the surface area of 
the indentation projected into the plane of the undeformed sample surface. Using the 
geometric relationship between surface area and contact area for either indenter shape, 
HK or KHN can easily be converted to H.  
  
 22 
 
 
Figure 2.4: Schematic of different pyramidal probe geometries. a) Vickers, b) Knoop, 
c) Berkovich, d) Cube-corner. Relevant angles are labelled. Note that Vickers and 
Knoop are commonly used in microindentation, and Berkovich and cube-corner are 
commonly used in nanoindentation. 
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Meyer hardness provides a quantitative measure of hardness that, in principle, 
should not depend on the indenter geometry, for indenters with similar depth to area 
ratios. The deformation induced by the indenter may be accommodated by some 
combination of plastic deformation (e.g., dislocation glide) in addition to fracture 
(especially at higher loads). For indentations made with blunt indenters and in the 
absence of substantial fracture, hardness has been shown to correlate well with yield 
stress 𝜎T, by the simple relationship 
 𝐻 = 𝑘𝜎T, (2.2) 
where k is an empirically determined constant, usually close to 3 [35, 36].  
2.2.2. Nanoindentation vs. microindentation 
A typical microindentation is made open-loop, without any feedback. That is, the 
applied load is specified, but the resultant displacement of the indenter is not 
measured. In contrast, there is another technique called “instrumented” (or “depth-
sensing”) indentation, in which load and displacement of the indenter are measured 
continuously during indentation. Compared to open-loop microindentation, the main 
advantages of instrumented indentation is that the resultant load-displacement data can 
be analyzed to determine the contact area (without imaging), and an elastic modulus 
for the sample (in addition to hardness) [37]. In practice, this type of indentation is 
usually done at smaller applied loads (typically < 100 mN, which in calcite typically 
results in indentations < 1 µm in depth and < 5 µm in diameter [13, 15-17, 25, 30, 38-
51], depending on the geometry of the indenter). Because of the often sub-micrometer 
displacements associated with instrumented indentation, the term “nanoindentation” 
has become nearly synonymous with instrumented indentation, and will also be used 
that way here. 
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The foundations of modern methods of nanoindentation as an experimental 
technique seem to date back to the work of a group at the Baikov Institute of 
Metallurgy in Moscow in the 1970s [52]. Much of the associated analysis is based on 
Harding and Sneddon’s (1945) [53] solution for elastic contact between a rigid flat 
punch indenter and an elastically homogeneous, semi-infinite half-space. Practical 
application of the nanoindentation technique has soared in popularity since Oliver and 
Pharr outlined their testing method in their famous paper in 1992 [37]. A plot of the 
number of citations of that paper versus time is included in Figure 2.5 to illustrate this 
point. Amazingly, the number of citations per year has increased nearly every year 
and, as of July 2017 the cumulative total number of citations is over 12,100. Thus, the 
details of the Oliver and Pharr method have already been covered extensively 
elsewhere, and will not be repeated again in this section. However, before moving on, 
I will discuss the different indenter shapes commonly used in nanoindentation. 
The most commonly used indenter geometry for nanoindentation is the Berkovich 
indenter (schematically illustrated in Figure 2.4c). In contrast to the Vickers and 
Knoop geometries commonly used in microindentation, the Berkovich is a 3-sided 
pyramid. Also, the angle between each face of the indenter and the sample surface 
during normal loading is 25º. One of the main reasons for using a 3-sided indenter for 
nanoindentation is that it can more easily be machined to a sharp point at the tip than a 
4-sided indenter can be. In reality, no indenter tip is perfectly sharp, and often there is 
some rounding at the tip. A sharp tip (small radius of rounding) is important because 
indentations made at depths less than the tip radius may not have a fully formed plastic 
zone, and thus the hardness measured from such indentations is not the same as that 
measured at depths where the indenter shape is actually pyramidal [54]. Berkovich 
indenters with tip radii <150 nm are readily available from modern manufacturers 
[55], but a similar radius would be much harder to achieve for a four-sided indenter.   
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Figure 2.5: Plot of Oliver and Pharr citations since its publication in 1992. 
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The 25º slope of the Berkovich indenter faces results in the same contact area to depth 
ratio as a Vickers tip [54], that is: 
 𝐴( = 24.5ℎ(O, (2.3) 
where ℎ( is the “contact depth,” defined as the depth at which the deformed sample 
surface is in contact with the sides of the indenter (e.g., see Chapter 5).  
Probably the next most commonly used indenter in nanoindentation is the cube-
corner geometry (see Figure 2.4d). The cube-corner indenter is also a 3-sided pyramid, 
and so named because it has the same shape as the corner of a cube. The angle 
between the faces of this indenter and the sample surface during normal indentation is 
55º. The higher angle of the cube-corner indenter makes it more likely to create 
fractures during indentation. Apparently, it also makes it even easier to manufacture to 
a sharp point, because cube-corner indenters with tip radii as small as 40 nm are 
readily available [55]. 
2.2.3. Effect of indentation size 
A commonly observed phenomenon in indentation measurements is that the measured 
hardness of many materials decreases with increasing indentation load. This 
phenomenon is known as the indentation size effect (ISE) [56, 57]. Surprisingly, 
despite a number of studies reporting load-dependent hardness in calcite over 
relatively small loading ranges [6, 9, 16, 17, 25, 30, 38, 40, 41, 45, 51], the ISE on 
calcite has not been explicitly addressed in much detail. However, it has been explored 
in a number of other materials.  
Soft metals tend to show a strong ISE that is especially prominent for small 
indentation sizes. For example, low-load indentations on Cu show a ~50% decrease in 
hardness over load ranges of ~0.5 to 5 mN [58] and ~5 to 50 mN [59], followed by a 
near constant hardness at higher loads. Ionic/covalent single crystals tend to show 
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smaller ISE’s, but across a larger range of loadings. For example, another compound 
with similar hardness to calcite (tetragonal KH2PO4), shows a 20% decrease in 
hardness from 250 to 2,000 mN load [60]. Two softer materials, Sulphur [61] and 
MgSO4 [62] (each about ¼ the hardness of calcite), show a ~20% decrease in hardness 
for loads up to some critical load (from 250 to 1,000 mN and 100 to 500 mN, 
respectively), and quickly reach a steady hardness at higher loads. Aragonite (an 
orthorhombic CaCO3 polymorph, slightly harder than calcite) shows a ~50% drop in 
hardness across a large 200x increase in load from 1 to 200 mN [63, 64], and then a 
~30% drop from 200 to 2000 mN [63]. And sapphire (which has a similar trigonal 
crystal structure to calcite, but is ~13x harder) shows a ~30% decrease in hardness 
over load ranges of 8 to 40 mN [65] and 100 to 2,000 mN [25]. However, contrary to 
those examples, not all ionic/covalent crystals are alike in their size effects. For 
example, apatite (another bio-relevant mineral, ~3x harder than calcite) shows only 
20% decrease in hardness over each 200x increase in load (i.e., from 1 to 200 mN [66] 
and 100 to 2000 mN [25]), and quartz (trigonal symmetry, like calcite, but ~8x harder) 
shows only a 15% decrease in hardness over 100 to 2000 mN load [25]. Also, certain 
materials have been shown to have nearly no ISE (e.g., fused quartz [59]), or 
apparently even reverse ISE (i.e., increasing hardness with applied load [67]). 
Reports of significant ISE in all of these other materials suggest that it may also be 
a feature in measurements on calcite. In Chapter 4, the effect of ISE in calcite is 
addressed in detail by comparing reported hardness data over a wide range of indenter 
loadings.  
2.2.4. Effect of anisotropy 
Attempts have been made to quantify the effects of both plastic [68] and elastic [69] 
anisotropy on indentation measurements through careful measurements across a 
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systematic range of crystal orientations. The model introduced by Brookes et al [68] 
focuses on plastic anisotropy, and for certain crystal structures (notably rocksalt, 
cubic, and some hexagonal structures) it can accurately predict the crystal orientations 
that have minimum hardness, but it is unable to predict the absolute magnitude of 
variation in hardness. For example, Brookes et al show that two materials with rock-
salt structure (LiF and MgO) have minima in hardness at the same relative orientation, 
but that the difference from the maximum hardness in LiF is ~10%, versus ~100% for 
MgO. A different model by Vlassak and Nix [69] relates orientation-dependent 
variations in indentation modulus (measured by depth-sensing indentation) to the 
elastic anisotropy of the crystal. Their model is not designed to predict variations in 
hardness, however, Vlassak and Nix’s own experimental data does confirm small 
(< 13%) variations in the hardness of a few cubic metals (W, Al, and Cu), and a larger 
(~25%) variation in the hardness of a less isotropic HCP metal (Zn).  
To date, different degrees in the variation in measured hardness and/or indentation 
modulus with crystal orientation have been measured on a diverse set of single 
crystals, including metals and alloys [68-78], hard ceramics [68, 79-91], inorganic 
compounds [60, 62, 68, 92], semiconductors [93-96], organic compounds [97-99], and 
natural minerals [6, 9, 13, 26, 33, 61, 63, 64, 66, 68, 100-102]—including a few more 
recent studies on calcite [6, 9, 13], and on other bio-relevant minerals, namely, apatite 
(similar crystal structure to calcite, but CaPO4) [66, 102], and aragonite (polymorph of 
CaCO3 with orthorhombic structure) [63, 64]. Among these studies, most of the largest 
variations in hardness (20-100%) are associated with lower-symmetry crystal 
structures (i.e., certain hexagonal [70, 73, 81, 85-87, 91], tetragonal [60, 88], 
orthorhombic [61, 63, 64, 92, 98], and monoclinic [97] crystals), though there are 
notable exceptions (i.e., similarly large (20%+) variations in certain cubic crystals [71, 
79, 80, 85, 93-95] or surprisingly small (< 20%) variations in some lower symmetry 
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crystals [66, 76, 77, 83, 102]). In some studies, differences in indentation modulus 
have also been measured, and have been shown to follow a trend with orientation that 
is either the same [66, 70, 71, 99, 102, 103], different [64, 73, 96, 98], or opposite [69, 
87, 91] to the trend of hardness with orientation—though the reason has not been 
explained in any detail. Furthermore, the plastic anisotropy of a crystal has been linked 
to anisotropic surface morphology (i.e., pile-up and/or fracture) surrounding an 
indentation (both experimentally [6, 9, 26, 58, 64, 66, 76, 77, 83, 84, 95, 98, 102] 
and/or by simulation [58, 76, 77, 104, 105]), which can provide insight into the nature 
of plastic slip during indentation. 
Even after accounting for ISE, large variations in previously-reported hardness 
values for pure, defect-free control calcites are unexplained. In Chapter 4, I determine 
the effect of anisotropy on hardness (and modulus) measured on the important 0001  
and {1014} planes. 
2.2.5. Effect of elastic heterogeneities 
Another factor affecting instrumented indentation measurements is the effect of elastic 
heterogeneities in the sample. The most commonly studied case of an elastically 
heterogeneous sample is that of a thin film on a dissimilar substrate (Figure 2.6a). The 
most basic way to avoid the effect of the substrate is to make small enough 
indentations. A basic empirical rule of thumb is to keep the depth of the indent less 
than 1/10 the film thickness [106], although this has been shown to not always be 
valid [107]. One of the earliest attempts to model the influence of a substrate was by 
Doerner & Nix [108], who developed an empirical modification of the definition of 
reduced modulus to account for the effects of the substrate, assuming a linear 
transition from film to substrate. Their solution, however, was not widely applicable, 
as it involved empirical parameters that were specific to their particular material 
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system. King [109] expanded upon Doerner and Nix’s solution to remove the 
empirical parameter, and generalized it for various flat-ended indenters. In turn, Saha 
and Nix [107] modified King’s solution to be applicable to the more common 
Berkovich indenter shape. Gao, et al. [110] developed a different type of model that 
used two weighted functions to describe a smooth transition from film to substrate. In 
turn, Rar et al. (“Song and Pharr”) [111] built upon Gao’s work to develop a simpler 
model that works well for compliant films on stiff substrates. From there, Hay and 
Crawford [112] developed a modification of the model by Rar et al. that could also 
work for stiff films on compliant substrates.  
Another example of an elastic heterogeneity that affects nanoindentation 
measurements is that of indentation near a “vertical” elastic heterogeneity (i.e., a 
boundary that is normal to the surface plane of a sample, which separates two regions 
of different stiffness, Figure 2.6b). One extreme case of this situation is indentation 
near the free edge of a sample, where there is no solid material on one side of the 
vertical boundary. This situation has been studied theoretically, and is referred to as 
indentation in a “quarter-space” [113, 114]. The effect of dissimilar elastic flexing at 
this free edge scales with the distance between the center of the indent and the free 
edge, and for indents sufficiently far away from the free edge the effect on the 
measured compliance is independent of indentation depth, similar to the compliance 
associated with flexing of a cantilever beam. Building upon this fact, Jakes et al. have 
developed an experimental method to correct nanoindentation measurements near such 
elastic heterogeneities [115-117]. 
Yet another case of an elastic heterogeneity that affects nanoindentation 
measurements is that of a particle embedded in a dissimilar matrix (Figure 2.6c). Such 
a scenario exists naturally for many biogenic calcite crystals that exist embedded in an 
organic matrix as part of a polycrystalline composite structure (e.g., a mollusk shell), 
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and also for synthetic calcite crystals that must be embedded for support during a 
nanoindentation test. The effect of a dissimilar matrix on the nanoindentation 
measurement of a particle has been studied theoretically using finite element analysis 
(FEA) [118-123]. The effect on a measurement analyzed using the standard Oliver and 
Pharr method is that the measured modulus and hardness will be close to that of the 
particle at small indentation depths, and then approach that of the matrix at large 
indentation depths. Using FEA, multiple studies have determined a “particle-
dominated” indentation size below which an uncorrected modulus and hardness is 
within about 10% of that for the particle only [118-123]. This particle-dominated 
depth is highly dependent on the ratio between the elastic properties of the particle and 
the matrix, and the size of the particle. Experimentally, a few studies have made 
measurements on embedded particles to different indentation depths [124, 125], and 
shown that for certain sized particles embedded in certain matrices, the uncorrected 
modulus and hardness is nearly independent of depth over some range of indentation 
depths. When this is true, the modulus and hardness of the particle is equal to that of 
the measurement at these small depths. 
However, when testing small enough particles in dissimilar enough matrices, the 
uncorrected modulus and hardness may not approach that of the particle, even at the 
minimum reasonable indentation size (for example, I observe this for measurements 
on embedded synthetic calcite crystals in Chapter 5). In this case, it is necessary to 
correct the measurement for the effect of the matrix. Existing experimental techniques 
to correct such measurements are limited. Notably, existing methods for correcting 
measurements on thin films should not be expected to work for the case of a particle 
embedded in a dissimilar matrix, although they have been used for that purpose 
anyway [42].  
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Figure 2.6: Schematics of different elastic heterogeneities. a) The commonly studied 
case of thin-film on substrate, b) indentation near a “vertical” elastic heterogeneity like 
a free edge, and c) a particle embedded in a dissimilar matrix. Existing methods for 
correcting measurements on a particle in a matrix are limited. 
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If there is some range of indentation size within a particle where the effect of the 
matrix on the measured compliance can be treated as some constant additional 
compliance, then the basic methodology used by Jakes et al [116] to correct for 
situations like a free edge might also apply for embedded particles. By simple 
extension of Saint Venant’s principle (i.e., that the difference between the effects of 
two different but statically equivalent loads becomes very small at sufficiently large 
distances from load), it seems likely that such an indentation size range may exist. 
However, practical application of the method by Jakes et al [116] on materials with 
unknown hardness requires that multiple indentations be made, and that their contact 
areas be imaged directly. For small (<100 µm) embedded particles, making multiple 
indentations within the particle may be difficult or impossible. Thus, a new method is 
required to enable accurate measurements to be made on small (< 100 µm) embedded 
calcite crystals. Such a method is presented in Chapter 5. 
2.3. Strengthening mechanisms in calcite 
Plastic deformation in crystalline materials occurs by dislocation motion. The yield 
strength (and thus hardness, see Equation 2.2) of a material increases when dislocation 
motion is impeded. For a polycrystalline material, the yield strength increases as the 
grain size decreases by the famous Hall-Petch relationship [126, 127]. This is because 
dislocations are impeded at grain boundaries. In the absence of grain boundaries, 
single crystals can also be strengthened by impurities, or other crystallographic 
defects. 
Strengthening of single crystals by impurities generally falls into two categories 
[128]: (1) Direct blocking of dislocation motion by second-phase particles, or (2) 
impediment of dislocation motion by the local stress fields associated with misfitting 
atomic impurities (also known as solid-solution strengthening). Many biogenic calcite 
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crystals are known to contain both solutes [10, 13, 103, 129, 130] and second phase 
particles [13, 129, 131], and so both solid solution and second phase strengthening 
likely play a synergistic role in the increased hardness of biogenic calcite crystals. 
These strengthening mechanisms have also been explored using synthetic calcite [18, 
40, 42-44, 132]. 
A common solute impurity observed in biogenic calcite crystals is Mg [10, 13, 
103, 129, 130]. Synthetic calcite crystals have been grown with varying amounts of 
Mg substitutions, and the hardness of these crystals has been shown to increase in a 
manner consistent with solid solution strengthening [18, 19]. Biogenic calcite crystals 
obtained from the shell of the mollusk Atrina rigida contain about 8.4 at.% Mg, and 
the total increase in hardness (compared to a pure control calcite crystal) is ~60% [13]. 
The experiments on the synthetic crystals show that 16% increase in hardness is 
associated with the same (8.4 at.%) amount of Mg in calcite [18, 19]. Thus, the total 
strengthening in biogenic crystals from Atrina rigida cannot be solely due to solid 
solution strengthening. 
Second-phase strengthening in calcite has also been explored synthetically [39, 40, 
132]. Many biogenic crystals have been shown to contain large polymer inclusions 
[13, 129, 131], and are expected to also contain small molecule impurities, although 
the exact amount of these organic impurities is not well known. Large (> 100 nm) 
polymer inclusions [42-44] have increased the hardness of synthetic crystals by up to 
22% [44], compared to a pure control crystal. In these experiments, the amount of 
polymer impurity was not precisely controlled, and it is difficult to quantify the 
strengthening mechanism without knowing how the hardness varies with impurity 
content. In another study, amino acid inclusions have been shown to increase the 
hardness (compared to a pure control) by up to 60% [132], approaching that of the 
biogenic crystals from Atrina rigida. In this case, the amount of amino acid inclusion 
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was varied from 0-7 mol%. By using a simple dislocation-bowing model, the 
strengthening was shown to correlate with the force required to for dislocations to cut 
the molecular impurities (details in Appendix Chapter). 
High dislocation densities might also be expected to increase hardness. For 
example, dislocation tangles have been shown to increase the yield strength in 
plastically deformed metals, through a process often referred to as “strain hardening” 
[133]. This increase in yield strength has also been shown to translate to increased 
indentation hardness [134, 135]. Furthermore, high dislocation densities created in 
calcite crystals by uniaxial compression of (previously defect-free) crystals at elevated 
temperatures (550-800ºC) have been shown to increase the yield strength of those 
crystals [136]. However, it is unknown how the dislocation structure of calcite crystals 
might affect their indentation hardness.  
2.4. Growth mechanisms of calcite 
The driving force for crystallization of calcite from solution is the supersaturation of 
the solution with respect to CaCO3. A solution is supersaturated with respect to some 
solid phase x, when the supersaturation ratio Sx for that phase is greater than 1 [137]. 
For CaCO3, the supersaturation ratio is defined as: 
 𝑆V = WXYZ[WX\Z]^_`,b  , (2.4) 
where ai is the ionic activity of the ith species, and Ksp,x is the solubility product of the 
precipitating CaCO3 phase at zero ionic strength. Supersaturation (𝜎) is the natural log 
of S. So, for CaCO3 [138]:  
 𝜎V = ln	 WXYZ[WX\Z]^_`,b 	  . (2.5) 
The product, 𝑎eWZ[𝑎efZ], is called the ionic activity product. Ionic activity is related 
to the concentration of the ions in solution, and thus increasing the concentration of 
 36 
Ca2+ and/or CO32- ions in the solution will increase the ionic activity product. Calcite is 
the least soluble phase of CaCO3, with 𝐾;h,(WL(Iij = 3.3×10lm, and amorphous 
calcium carbonate (ACC) is the most soluble phase with 𝐾;h,Bee = 4.0×10ln [2]. 
Thus ACC, is 121 times more soluble than calcite, and unlikely to survive in solution 
unless the ionic activity product is well above 𝐾;h,Bee .  
The first step of crystal growth is nucleation [137]. For Sx > 1, randomly-formed 
ionic clusters in solution will eventually reach some critical size, nucleate, and 
continue to grow. The critical energy for nucleation is related to the free energy of the 
interface (the surface of the cluster). Thus, “heterogeneous” nucleation (nucleation on 
an existing surface) has a lower energy barrier and tends to occur before 
“homogeneous” nucleation. For SACC < 1, the nucleation rate of calcite crystals has 
been shown to increase with supersaturation [139].  
Following nucleation, for Scalcite > 1 (𝜎(WL(Iij > 0) and SACC < 1 (𝜎(WL(Iij < 4.8), 
calcite crystals tend to continue growth on the low-energy {1014} faces by the 
“classical” mechanisms of spiral growth and/or 2-D nucleation [139]. In-situ AFM has 
shown both of these mechanisms for 𝜎(WL(Iij in the range of 0.1-1.4 [138]. Spiral 
growth has the lowest energy barrier, and dominates growth at 𝜎(WL(Iij < 0.8. 2-D 
nucleation also played a significant role at greater 𝜎(WL(Iij.  
In biology, calcite has been shown to grow via “non-classical” mechanisms that 
involve initial deposition of ACC which then subsequently transforms to calcite, 
usually either via solid state reconfiguration or via dissolution and reprecipitation 
[140-142]. Another non-classical growth mechanism (that may also play a role in the 
growth of some biogenic calcite crystals) is growth via attachment of ACC particles to 
a growing calcite crystal. For example, growth by ACC particle attachment has been 
observed by in-situ AFM when previously-formed ACC particles are introduced to a 
growth solution in contact with the {1014} face of a pure seed crystal [143]. As 
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illustrated in Figure 2.7, current theories suggest that the non-classical growth of 
calcite via ACC particle attachment may occur in a manner that is analogous to 
classical growth via attachment of at kink sites, but with attachment of large (several 
nm) ACC particles that subsequently transform to calcite, instead of attachment of 
single ions only [142, 143]. In this way, {1014} faceted calcite crystals can grow even 
from amorphous precursor particles. 
A different non-classical growth mechanism observed in some other materials is 
growth via attachment of nanocrystalline particles. For example, this kind of growth 
has been observed for crystals of TiO2 [144], PbSe [145], iron oxide [146], Pt [147], 
and Au [148]. In these materials, when two nano-crystalline particles attach with slight 
differences in the orientation of their lattices, dislocations are created at the attachment 
interface to accommodate the difference in orientation, thus resulting in crystals 
containing crystallographic defects (see Figure 2.8). It is unknown what effect ACC 
particle attachment growth may have on the defect structure of calcite crystals, but it 
seems possible that it may also involve the creation of dislocations.  
One way of inducing the formation of ACC particles in solution supersaturated 
with respect to CaCO3 would be introduce impurities known to stabilize ACC [149]. 
However, as described in Section 2.3, impurities alone are expected to increase the 
hardness of calcite, which would make determining the relative effect of a different 
growth mechanism difficult to separate from the impurity strengthening effect. 
Another way of inducing the formation of ACC particles would be to increase the 
supersaturation of a pure growth solution [150]. In Chapter 6, I explore the effect of 
increasing the initial concentration of Ca2+ ions (and thus the initial supersaturation) in 
a growth solution without impurities on the hardness of {1014} faceted calcite crystals 
grown from that solution. The initial supersaturations span a large range that is 
expected to transition from growth dominated by classical mechanisms, to growth 
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involving an ACC precursor. Thus, hardness measurements on these crystals provide 
insight into the effect of non-classical growth of calcite on its hardness. 
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Figure 2.7: Schematic of calcite crystal growth via attachment of ACC particles at 
kink sites on a {1014} face. Such ACC particles could be stabilized by impurities, or 
at high supersaturations. 
*Reproduced with permission from: Rodriguez-Navarro, C., et al., Direct Nanoscale 
Imaging Reveals the Growth of Calcite Crystals via Amorphous Nanoparticles. 
Crystal Growth & Design, 2016. 16(4): p. 1850-1860 
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Figure 2.8: TEM images of attachment of two particles of iron oxide. a) Two 
spherical nanocrystal particles (with lattice planes highlighted in blue and green) 
approach each other. b) The particles attach and form a single crystal (lattice planes 
highlighted in red), with the difference in orientation of the two particles 
accommodated by the creation of an edge dislocation (highlighted in yellow). 
*Reproduced with permission from: Li, D.S., et al., Direction-Specific Interactions 
Control Crystal Growth by Oriented Attachment. Science, 2012. 336(6084): p. 1014-
1018. 
  
a) b)
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CHAPTER 3: METHODS 
3.1. Nanoindentation  
Nanoindentation was used extensively in this work. Most of the nanoindentation was 
performed at Cornell, using a commercially available nanoindenter (Hysitron Ti-900) 
equipped with a Berkovich indenter tip (with estimated radius of ~120 nm) and used 
in both quasi-static and dynamic (nano-DMA) modes. In either mode, load–
displacement data are obtained by applying some specified load, and then measuring 
the resulting displacement of the indenter (“load-controlled”). The maximum possible 
load of this machine is 10 mN, and the measurements reported in this work were made 
to maximum loads between 2.5 and 10 mN.  
For a quasi-static indentation, the applied load is gradually increased to some 
specified maximum load at some specified loading rate, then held at that maximum 
load for some specified hold time, and finally unloaded to zero load at some specified 
unloading rate. Schematic quasi-static load-displacement data is shown in Figure 3.1a. 
From these data, the contact stiffness (S) at the maximum load of the indentation can 
be calculated from the slope of a fit to some portion of the unloading data. In general, 
a dynamic indentation involves the application of some small oscillatory load to the 
mean load of the indenter during loading (schematic data is shown in Figure 3.1b). 
From these data, contact stiffness can be calculated across a range of indenter loads 
and displacements, over the course of a single indentation experiment.  
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Figure 3.1: Schematic load-displacement data for a) a quasi-static indentation with a 
single loading and unloading at maximum load, and b) a dynamic indentation with 
oscillatory loads and displacements on loading. For the dynamic indentation, 
oscillatory data is shown as a zoomed in inset to highlight the small magnitude 
compared to the mean load-displacement data. Note that, in this work, the dynamic 
indentations (nanoDMA) actually increased mean load in steps, not continuously.  
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In this work, quasi static indentations were made with 5 sec loading, holding, and 
unloading periods, resulting in loading rates between 0.5 and 2 mN/s. Dynamic 
indentations were made by increasing the mean load of the indenter in 20 equal steps 
from 1-10 mN, an applying a variable oscillatory load at a frequency of 100 Hz, 
resulting in small oscillations of ~2 nm. Additional specifics regarding the applied 
load functions and other experimental details are provided in the individual methods 
sections of the main Chapters 4-6 here. Whenever indentations were made on large, 
elastically homogenous samples, data were analyzed according to the standard Oliver 
and Pharr method [1, 2]. When indentations were made on small (usually < 100 µm) 
calcite fully embedded in compliant matrix material, modifications to the standard 
analysis were made to account for the effect the dissimilar matrix material had on the 
total measured compliance (as discussed in Chapters 5 and 6). 
In the standard analysis, hardness is the previously defined Meyer hardness 
(Equation 2.1). Additionally, a “reduced modulus” 𝐸r can be defined for a 
homogeneous isotropic material as 
 Nst = Nlu_Zs_Z + NluvZsvZ  , (3.1) 
where 𝐸 is Young’s modulus and 𝑣 is Poisson’s ratio and the subscripts 𝑠 and 𝑖 refer 
to the sample and indenter, respectively. 𝐸r is related to the contact compliance on 
unloading 𝐶( by 
 𝐸r = yOez Bz . (3.2) 
Hence, by determination of 𝐶( and 𝐴(, both 𝐻 and 𝐸r can be calculated using 
Equations 2.1 and 3.2, respectively. For our diamond Berkovich indenter, 𝐸I and 𝑣I 
are known to equal 1140 GPa and 0.07, respectively. Thus, by plugging those values 
into Equation 3.1, one can solve for the quantity 𝐸;/ 1 − 𝜈;O  like so:  
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 s_Nlu_Z = Nst − NluvZsvZ lN . (3.3) 
 
This quantity is the plane strain modulus (also referred to as the flexural modulus) of 
the sample, which we will call “the indentation modulus,” and represent with the 
symbol Fs. 
In this work, the contact compliance (reciprocal of the contact stiffness) of quasi-
static indentations was determined by making a power-law fit to the upper 20-95% of 
the unloading data and calculating the slope of this fit at maximum load. For dynamic 
indentations, the contact compliance was determined by analyzing the amplitude of 
the measured displacement signal ℎ(𝜔) using the dynamic model in Oliver and 
Pharr’s paper [1]: 
 }~_() = 𝐶( + 𝐶> lN + 𝐾; − 𝑚𝜔O + 𝜔O𝐷, (3.4) 
where 𝑃; is the amplitude of the oscillating force, 𝜔 is the oscillating frequency, 𝑚 is 
the oscillating mass, 𝐾; is the spring stiffness, 𝐷 is the damping coefficient, and 𝐶> is 
the machine compliance. 𝑃; and 𝜔 are applied values; and 𝑚, 𝐾;, 𝐷, and 𝐶> are 
calibrated values.  
Prior to making any measurements on samples with unknown properties, the 
nanoindenter had to be carefully calibrated. Two of the most important calibrations are 
the machine compliance calibration, and the tip area calibration. In practice, the 
machine compliance needs to be calibrated first, as the tip area cannot be accurately 
calibrated without knowing the machine compliance. The total measured compliance 
C includes components from both the elastic deformation of the sample and the elastic 
flexing of the components that make up the indenter machine. Because this flexing 
occurs far away from the indentation and in regions of constant cross-sectional area, it 
is considered to be a constant of the machine an assumed to be independent of indenter 
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displacement, such that (for a large and homogeneous sample with no elastic 
heterogeneities) we write: 
 𝐶 = 𝐶( + 𝐶> , (3.5) 
where 𝐶> is the machine compliance. This formulation is important because it 
constitutes the starting point for the corrected nanoindentation method used to measure 
small particles embedded in a dissimilar matrix presented in Chapter 5. 
Calibration of machine compliance was done as described in the Oliver and Pharr 
method [1, 2]. In short, a series of 25 quasi-static indentations were made in a fused 
silica calibration standard to maximum loads ranging from 5 to 10 mN, the total 
measured compliance was plotted versus the reciprocal square root of the applied 
loading, and the y-intercept of a linear fit these data was assumed to be equal to the 
machine compliance. Note that to use of a plot of this form (e.g., in contrast to using a 
plot of compliance versus reciprocal square root of contact area made in Chapter 5) 
requires that the sample material has no indentation size effect (ISE), i.e., that the ratio 𝑃/𝐴( is independent of 𝐴(. Because fused silica has been shown to display little to no 
ISE over much larger load ranges [3], the assumption should be valid in this case. This 
calibration was repeated every few months to ensure it was accurate and unchanging. 
The calibrated value of machine compliance for our machine was 0.5 nm/mN. 
Another important calibration was calibration of the tip area function, 𝐴( ℎ( . The 
tip area function describes the projected contact area (𝐴() of an indentation at any 
contact depth (ℎ() into a sample’s surface. The contact area is important because it 
used to calculate hardness and modulus, and the tip area function is important because 
it allows for contact area to be calculated without directly measuring the size of a 
residual impression using some other method. In this work, the tip area was also 
calibrated according to the Oliver and Pharr method [1, 2]. For this calibration, a series 
of 100 indentations were made in a standard fused silica sample (with known 
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modulus) to maximum loads between 0.1 and 10 mN. Because the modulus of the 
fused silica sample was known (69.6 GPa), the tip area function (contact area as a 
function of depth) could be determined by analyzing the measured displacement and 
compliance data as a function of depth. This calibration was repeated every few 
months to ensure it was accurate. In practice, the tip area function does change slightly 
over time, as the shape of the indenter tip is gradually worn down. A typical calibrated 
area function for our Berkovich indenter was: 
 𝐴( ℎ( = 24.5ℎ(O + 2515ℎ( + 4799ℎ(N/O, (3.6) 
where ℎ( is in nm and 𝐴( is in nm2. Note that the first term was fixed to 24.5ℎ(O, which 
is equal to the area function of a perfect Berkovich tip (Equation 2.3). This was done 
so that for large ℎ(, where this ℎ(O term will dominate the form of the function, this 
area function will approach that of a perfect Berkovich tip. Furthermore, note that this 
area function closely matches to that of a cone (with the same contact area to depth 
ratio as a perfect Berkovich indenter) capped with a hemisphere of radius 120 nm—in 
good agreement with our assumed tip radius of ~120 nm. 
Other nanoindentation experiments were performed using a different nanoindenter 
in-situ in a SEM at Hysitron headquarters (Eden Prarie, MN). All relevant details for 
those experiments are in Chapter 4. 
3.2. Synthetic calcite growth 
In Chapters 5 and 6, synthetic calcite crystals were grown by the ammonium diffusion 
method [4]. This is a widely used method of growing synthetic calcite in which 
(NH4)2CO3 powder and CaCl2 solution are sealed inside a growth chamber, allowing 
NH3 and CO2 gas sublimed from the (NH4)2CO3 powder to diffuse into the CaCl2 
solution, supersaturating the solution with respect to CaCO3. CaCO3 then precipitates 
from the solution, often forming calcite crystals on any substrate immersed in the 
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solution. In the absence of any impurities in the growth solution, the growth kinetics 
and final morphology of crystals are determined by the volume and initial 
concentration of the CaCl2 solution, and to a lesser degree, the amount of (NH4)2CO3 
powder and the size of the growth chamber. In this work, two different growth 
chambers were used: (1) A large glass desiccator, on which a glass top was sealed 
with vacuum grease, and (2) A small home-made growth chamber consisting of 
polystyrene petri dish and cap sealed together with a flexible film (Parafilm), which 
was monitored in-situ under an optical microscope. In either setup, the crystals were 
grown on glass slide substrates. Key experimental details are provided in the 
individual methods sections of the main Chapters 5 and 6 here. Here, I note some 
supplemental details about using this growth method successfully. 
The cleanliness and smoothness of the substrate on which the crystals grew 
affected the spacing (space between crystals) and growth rate of crystals. For example, 
for the in-situ growths, a scratch was made on the glass slide to provide a feature on 
which the microscope could focus. On the scratch, the spacing between crystals and 
the final size of crystals was clearly smaller than other crystals on the flat surface of 
the glass. This is consistent with the reduced barrier for heterogeneous nucleation on 
rough surfaces [5]. A similar phenomenon was observed in some early experiments 
where the glass slide was apparently not entirely clean. That is, small, closely spaced 
crystals were observed in localized streaks across the glass surface. In subsequent 
growths, the glass slides were carefully cleaned by alternating rinses in ethanol and DI 
water (with the final rinse being DI water), and then quickly dried with flowing N2 
gas. When the glass was carefully cleaned in this manner, the spacing between and 
final sizes of the resultant crystals were more consistent across the entire substrate. 
Obtaining a proper seal on the growth chamber is also important. For the large 
glass desiccator, this was easily achieved using vacuum grease. For the small 
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homemade chamber, a good, repeatable seal could also be achieved by careful 
stretching of a single strip of Parafilm around the outside of the chamber. If the seal 
was not good, then no crystal growth would occur. That is, in some early experiments, 
other methods of sealing were attempted (e.g., scotch tape, multiple strips of 
Parafilm), and no growth at all was observed after 60+ minutes of observation in-situ.   
3.3. Nanoindentation of small crystals  
In Chapters 5 and 6, nanoindentation was performed on small (< 100 µm) synthetic 
crystals, grown by the method described in Section 3.2. A smooth and flat, horizontal 
surface is required to make an accurate nanoindentation, but the synthetic crystals 
grown here had random orientations and sometimes rough or curved surfaces. I 
created such a surface by covering the crystals in liquid cyanoacrylate glue, allowing 
the glue to solidify (with crystals embedded inside), then peeling the solidified glue 
off of the glass substrate, exposing the flat and smooth surface of the crystals that was 
previously in contact with glass. Then, I indented the crystals on this surface using a 
dynamic load function, and corrected the measurement for the dissimilar compliance 
of the embedding material using a new correction method (Chapter 5). Key 
experimental details are provided in the methods sections of the main Chapters 5 and 
6. Here, I discuss some additional lessons learned while developing these methods. 
Before deciding on the sample preparation technique and corrected 
nanoindentation analysis used in Chapters 5 and 6, other methods of making 
nanoindentation measurements on such small crystals were also considered. The first 
requirement was to expose a flat and horizontal surface of the crystals. One way of 
achieving this (e.g., the method used by Kunitake et al. [6]) is to embed the crystals in 
liquid cyanoacrylate glue, allow the glue to solidify and encapsulate the crystals, and 
then to expose a flat surface of the crystals by polishing down the glue parallel to the 
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glass substrate. This technique was attempted here, and did work reasonably well a 
few times for especially large (~100 µm or larger) crystals, but generally was a very 
difficult technique to master. Two common failure modes were observed: (1) As the 
glue approached some critical thickness (approximately 100 µm), it would tend to curl 
up at its edges and delaminate from the glass, taking the crystals with it, and (2) any 
small tilt in the sample during polishing would create thickness gradients in the glue 
such that one side might be polished through to the glass before the polish on the other 
side had even reached the surface of the crystals. 
Instead, I pursued the mounting method described in a paper by Kim et al. [7], in 
which the crystals “were overlaid with resin and then the slide prised off,” leaving a 
flat face of the crystals without the need for polishing. However, in that paper they do 
not describe exactly how the glass was removed from the resin. After much trial and 
error, I’ve determined a series of steps that works well. Using epoxy or glue (EpoFix, 
or Krazy Glue work well) and a slightly rough, flexible sheet (a 10 µm grit polishing 
paper, or any flexible polyethylene sheet works well): 
1) Dab a drop of glue over the area of the slide containing the crystals to be indented 
2) Cover with the flexible sheet, lightly press down, and allow to rest until cured 
3) Once cured, run under flowing water, and slowly peel the flexible sheet (with cured 
resin now attached) from the glass 
The key to making this work seems to be the use of a slightly rough backing sheet 
(creating a strong mechanical interlock with the resin), and the use of flowing water 
(presumably forcing its way between the glass and the glue by capillary action). For 
comparison, in my experience, neither EpoFix or Krazy Glue can simple be pried off 
of glass using a razor blade as leverage. 
More generally, I imagine this same general technique could be used as an easy 
method for mounting any small particles in preparation for indentation measurements. 
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Crystals grown on a flat substrate have the advantage that the surface exposed by 
peeling is already as flat as the substrate is, but any rough or rounded particle prepared 
in this way should be so close to the surface of the embedding material that a flat and 
smooth surface could be easily created by a quick polish with small grit size. Thus, the 
issue of creating a thickness gradient and/or having the embedding material become so 
thin that it delaminates should be avoided. 
The problem created by embedding crystals for nanoindentation is that the 
embedded sample is not elastically homogeneous, and so nanoindentation data cannot 
be analyzed using the standard Oliver and Pharr method [1, 2]. The correction method 
I introduce in Chapter 5 requires that compliance data be generated for some range of 
indentation depth. In this work, I use a dynamic loading function, in which compliance 
is measured near-continuously across many load steps through a 100 Hz oscillation of 
the indenter. In practice, such compliance versus indentation depth data could also be 
generated by a single “multiple unload” quasi-static indentation, in which the indenter 
is loaded and unloaded at various intermediate peak loads, on the way to some global 
maximum peak load before a final unloading. In some initial experiments, this 
technique was used and can work just as well, but I prefer dynamic indentations 
because they could provide a higher density of compliance data for the same amount 
of time per indentation. 
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ABSTRACT 
Understanding the mechanical properties of single crystal calcite is important in a 
wide range of industries and applications. In addition, various types of occlusions in 
biogenic and synthetic calcite are well known to increase single crystal hardness. 
Unfortunately, published data, even for nominally pure and defect-free calcite spans a 
wide range, from ~ 1 to 4 GPa, making quantitative comparisons difficult. Plotting 
those data vs. indentation load reveals a strong indentation size effect and produces a 
“master curve” for hardness of pure single crystal calcite. To determine if the 
remaining scatter (~ 1 GPa) could be attributed to anisotropy, nanoindentations were 
made at a range of azimuthal angles on (0001) and (1014) faces in pure calcite single 
crystals using Berkovich and cube corner tips, and surface morphology and 
deformation modes were studied both post facto and in-situ. Twinning upthrusts at 
certain angles on the (0001) face caused pileup, cracking, and reduced hardness. In the 
absence of twinning, the hardness at 2.5 mN load was found to be 2.5 ± 0.07 GPa, 
independent of orientation, and the indentation modulus was found to vary with the 
indented face but not azimuthal angle. An elastic analysis reveals that Young’s 
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modulus is not a good surrogate for the indentation modulus. Anisotropy only 
accounts for a small fraction of the remaining scatter in the published calcite hardness 
data. The rest (~ 1 GPa at any load) is attributed to experimental error and unreported 
variations in testing conditions and sample quality.  
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4.1. INTRODUCTION 
Calcite (the most thermodynamically stable form of CaCO3) is a common mineral that 
exists in geology, contained in sedimentary rocks like limestone and shale, and also in 
biology, for example in the shells, teeth, and spines of marine organisms. The 
mechanical properties of calcite are important for a number of practical reasons. For 
example, calcite is an important ingredient in man-made structural materials like 
concrete and cement [1, 2]; crushed calcite powders are used as low-hardness 
abrasives or pressed together into pharmaceutical antacid tablets [3]; and the 
mechanical strength of calcite-containing limestone and shale is important in CO2 
sequestration processes used to store greenhouse gas pollutants [4], as well as the 
hydraulic fracturing processes used to release trapped oil and gas [5].  
Another reason the mechanical properties of calcite are interesting is that some 
biogenic and synthetically-modified single crystals appear to be much stronger than 
pure crystals of geologic or synthetic origin. Since 1945, we are aware of 42 studies 
that report the indentation hardness of single crystals of calcite [6-47], including those 
of biogenic, synthetic, and geologic origin. Hardness values claimed to be upwards of 
60% higher than those of pure control crystals have been reported for single crystals of 
biogenic calcite within the shells of brachiopods [19, 22, 23] and mollusks [20, 31, 33, 
38, 39, 41, 42, 47], the teeth [21, 37] and spines [25, 26, 34] of sea urchins, as well as 
the spicule of a sponge [35]. There is much interest in understanding the mechanisms 
that could lead to this single-crystal strengthening, and model calcite crystals have 
been synthesized in a number of studies in order to try to replicate such effects [24, 27, 
30, 32, 43-45]. (Note that additional strengthening occurs in hierarchical biogenic 
structures at length scales that encompass multiple crystals, e.g., hardness 
measurements with indentation sizes larger than the average grain size (e.g. [18, 22, 
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28, 36, 46, 48-53]). We do not consider such effects here and focus instead on the 
properties of individual calcite single crystals.) 
Unfortunately, it is difficult to interpret the differences in hardness between 
different calcites because the reference hardness of pure single-crystal calcite is not 
well known. This situation is illustrated in Figure 4.1, where hardness results for 
single crystals of biogenic, geologic, and synthetic calcites are shown. Reported 
hardness values for these “control” calcite single crystals (filled squares in Fig. 4.1) 
span a wide range, from ~1 to 4 GPa. Control crystals are those expected to be pure 
and defect free. This includes both large [6-14, 17, 18, 22-24, 26, 28, 29, 33, 36-38, 
42, 46] and small [15, 16] geologic crystals, as well as small synthetic crystals [21, 27, 
32, 36, 40, 43, 44]. Note that, in Fig. 4.1, the reported Vickers [7-10, 13, 15, 16, 18, 
22, 36, 46] or Knoop [6, 9, 11, 12] hardness values (load/indentation surface area) 
were converted to Meyer hardness values (load/projected indentation area), as is 
commonly used to report nanoindentation hardness. 
By comparison, the reported hardnesses of the biogenic calcites [19-23, 25, 26, 31, 
33-35, 37-39, 41, 42, 47] cover a range of ~2–7 GPa (open circles in Fig. 4.1), which 
is only slightly wider than the range for the control crystals. That some biogenic 
calcite crystals are harder is not surprising as such crystals have been shown to include 
solutes [18, 19, 25, 33, 48] that provide solid solution strengthening [30] as well as 
occluded molecules and second phase particles [19, 33, 54] that impede both 
dislocation [45] and crack [55] motion.  
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Figure 4.1: Single crystal calcite hardness values from 42 publications plotted versus 
their citation number in the reference list. Each data point represents the average or 
median hardness (whichever was reported). Error bars represent the reported range. 
All data presented as Meyer hardness (load/projected area). Biogenic and modified 
synthetic calcites are generally harder than pure controls, but scatter in all groups is 
very large making it difficult to interpret strengthening mechanisms.  
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Finally, in an attempt to mimic and understand the biogenic materials, a number of 
synthetic crystals have been produced that include biomimetic impurities like solutes 
[30], small molecules [45], and second phase particles [24, 27, 44], as well as crystals 
with exotic impurities like carbon nano-tubes [32] and 2D sheets of graphene [43]. 
The reported hardnesses of these calcites (open triangles in Fig. 4.1) span a range from 
~1 to 5 GPa. 
While is it not surprising that calcite crystals containing solutes, small molecules, 
and second phase particles have high and widely varying hardness, the reasons for the 
large variations in the pure control crystals are not clear. The remaining variations 
cannot be due to impurities, second phases, grain size, or composite effects. This 
leaves size effects, anisotropy, and experimental error as possible explanations.  
It is well known that the hardness of many materials decreases with increasing 
indentation load. This phenomenon is known as the indentation size effect (ISE) [56, 
57], and has been attributed to an increase in the density of geometrically necessary 
dislocations with decreasing indentation size [58], surface roughness effects on 
especially shallow indentations [59], and/or an increase in the tendency towards 
fracture at higher loads [60, 61]. Surprisingly, despite a number of studies reporting 
load-dependent hardness in calcite over relatively small load ranges [11, 12, 14-17, 22, 
29, 38, 42, 43], the ISE in calcite has not been addressed over a wide range of loads. 
This problem is particularly important since biogenic and synthetic crystals are often 
very small (of order 10–100 µm) and very low load indentations are used to study 
them [14-17, 21-24, 26-29, 32, 33, 37, 38, 40, 42-44]. The hardness experiments on 
the pure control calcite single crystals shown in Fig. 4.1 were made at loads ranging 
from 0.2 to 4900 mN. Hence, it is likely that at least some of the variability among the 
reported hardnesses of these crystals comes from the ISE. 
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In addition to the ISE, the anisotropy of calcite single crystals might also be 
expected to affect the measured hardness. Indeed, variations in measured hardness 
and/or indentation modulus with crystal orientation have been reported for many 
single crystals: e.g. metals and alloys [62-66], hard ceramics [62, 67-69], inorganic 
compounds [62, 70-72], organic compounds [73-75], and natural minerals [6, 7, 11, 
12, 33, 62, 76-82]—including calcite [11, 12, 33]. Large variations (>20%) in 
hardness with orientation have been reported for some crystals [63, 69-71, 73, 74, 78-
80].  
Calcite has a trigonal R3𝑐 crystal structure and is highly anisotropic. The relevant 
slip systems are illustrated in Figure 4.2. Plastic deformation at low temperatures 
(<400°C) occurs by slip on {1014} and {1012} planes and by twinning on {1018} 
planes [83]. Uniaxial compression tests have shown that the critical resolved shear 
stresses (CRSS) for slip on {1014} and {1012} planes increase rapidly with 
decreasing temperature and, while the room temperature values are not well known, 
results suggest that the CRSS for each of these slip systems will be near 200 MPa 
[83]. By contrast, the CRSS for twinning on {1018} planes at room temperature is less 
than 10 MPa [83]. It is important to note that, due to the crystal structure, {1018} 
twinning is unidirectional—that is, twin shears can only occur in one direction, 
<4041>+, since the carbonate groups have to “flip” or rotate during twinning and can 
only flip one way. Elastic anisotropy in calcite is also large. Based on single crystal 
elastic constants, calcite has a universal elastic anisotropy index AU ≈ 2, (AU = 0 for an 
isotropic material) which places it among the more anisotropic materials [84]. These 
large differences in stiffness and CRSS with orientation might be expected to play a 
role in the measured hardness and indentation modulus.  
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Figure 4.2: Schematic of the calcite crystal structure. Large green circles: calcium: 
small red circles: oxygen; medium grey circles: carbon. The (0001) plane, and 
example slip planes, {1014} (also the natural facet plane), {1012}, and {1018} (twin 
plane) are indicated. The unit cell is also outlined. Arrows indicate the direction of 
shear on each slip plane. <2201> and <0221> slip directions are in/out of the plane of 
the page by +/- 38º. The <4041> twin direction lies in the plane of the page. {1012}<2201> and {1014}<2021> slip systems can operate in either direction (+/-) 
but the {1018}<4041> system can only operate in the positive sense (+). 
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To date, experimental work exploring the effect of anisotropy on indentation 
measurements in calcite has been limited and inconsistent. Winchell (1945) used a 
Knoop indenter at 100 g (980 mN) load to measure hardness on a {1014} cleavage 
plane at three different azimuthal orientations, and found a ~38% variation [6]. Taylor 
(1949) measured the Vickers hardness of calcite using a 50 g (490 mN) load at a 
single (random) azimuthal orientation on a {1014} cleavage facet, and planes polished 
perpendicular and parallel (actual orientation unspecified) to the [0001] optical axis, 
and found a ~28% variation [7]. Later (1992), Wong and Bradt [11] used a Knoop 
indenter to measure hardness as a function of both azimuthal orientation and load (25–
200 g, 220–1960 mN) on a {1014} facet and found a small variation (~10%) that 
matched the symmetry of the indenter and the {1014} plane. Shortly afterwards 
(1993), Carter et al. [12] conducted nearly identical experiments at 10–100 g (98–980 
mN) but reported large variations (up to 60%) that did not match the indenter/sample 
symmetry. Recently (2013), Kunitake et al. [33] measured nanoindentation hardness 
as a function of azimuthal orientation on the (0001) face of pure geologic calcite using 
a 3-sided Berkovich indenter at a load of 2.5 mN and found a small systematic 
variation (~12%). These authors all attributed variations in hardness to cracking and/or 
twinning, but no analysis was provided.  
Here, we study the effects of indentation load and orientation on the hardness of 
pure, single crystal calcite. We first characterize the indentation size effect by simply 
plotting published hardness data as a function of load, finding a substantial ISE that 
accounts for most of the variation shown in Fig. 4.1. The remaining hardness values 
fall in a band that is about 1 GPa wide at every load. To determine the extent to which 
the remaining variability is due to anisotropy, we determined the hardness and 
indentation modulus as a function of azimuthal angle on both the (0001) and (1014) 
planes of Iceland spar, a relatively pure and perfect form of calcite, using a Berkovich 
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indenter, as well as a cube-corner indenter, a more acute angled indenter often used to 
induce cracking. {1014} planes are the naturally occurring cleavage facets, and are 
thus the most commonly seen and studied, while biological organisms sometimes 
grow calcite crystals with (0001) planes exposed at the natural wear surface of the 
structure [18, 33, 36, 85]. We use nanoindentation at low loads (2.5-10 mN) to avoid 
cracking and focus on plastic deformation mechanisms. Our results thus compare 
directly with similar measurements used to study small biogenic [19-23, 25, 26, 31, 
33-35, 37-39, 41, 42, 47] geologic [14, 17, 22-24, 26, 28, 29, 33, 37, 38, 42] and 
synthetic calcite crystals [21, 24, 27, 30, 32, 40, 43-45]. We explain in detail the 
mechanism behind the anisotropy in hardness with azimuthal orientation reported by 
Kunitake et al. on the (0001) face in terms of a unique interaction between the 
symmetry of the indenter and the orientation of {1018} twin planes. Higher load 
measurements made in-situ in the SEM allow real-time imaging of these processes. A 
simple model is developed that qualitatively describes the results. We find no variation 
in hardness or modulus with azimuthal angle on the (1014) face and that, except for 
the azimuthal angles on (0001) where twin deformation is favorable, the hardness on 
the (0001) and (1014) faces are the same.  
Thus, despite very anisotropic elastic constants and critical resolved shear stresses, 
careful attention to experimental detail gives a nanoindentation (Meyer) hardness for 
calcite at 2.5 mN load of 2.5 ± 0.07 GPa, which is independent of orientation outside 
the range of azimuthal angles on (0001) where twins form. At azimuthal angles were 
twins form, hardness can be lower by up to 12% (i.e., to 2.2 GPa).  
4.2. INDENTATION SIZE EFFECT 
In Figure 4.3a we plot the hardness values reported for pure single crystal control 
calcites in Fig. 4.1 versus the indentation load used in each study.   
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Figure 4.3a: Hardness values for 29 pure calcite “control” samples from Fig. 4.1 
replotted versus the indenter load used for each measurement. Numbers indicate which 
reference the data come from. Filled shapes: nanoindentation. Open shapes: 
microindentation. Vickers or Knoop hardness numbers were converted to Meyer 
hardness for comparison with nanoindentation. Two very different loads from a single 
study are connected by a line. The data plotted in this way provide a master curve for 
the indentation size effect (ISE) in pure single crystal calcite and show that the ISE 
accounts for the majority (≈ 2.5 GPa) of the scatter in the “control” data in Fig. 4.1. 
With a few exceptions, the remaining data fall into a ~1 GPa wide band. 
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Figure 4.3b: The same hardness data in Fig. 4.3a plotted versus indenter depth and 
with the best fit line for fits to a popular ISE model based on strain-gradient plasticity 
(“Nix-Gao”) [58] and to an empirical semi-log function. Obvious outlier data (Hangen 
[14], DiGiosia et al. [43], Calvaresi, et al. [32], and Barber and Wenk [8]) were not 
included in either fit, and are plotted here with light gray data symbols. Data was 
weighted by the inverse of the standard deviation squared (data originally reported 
without standard deviation was given an arbitrary +/-0.5 GPa standard deviation). The 
Nix-Gao best fit line is 𝑦 = 1.43 1 + 445 𝑥, and the semi-log best fit line is 𝑦 =−0.889 log 𝑥 + 4.578. Note that the empirical semi-log fit seems to provide the best 
fit to the whole range of data. 
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This plot include results from bulk geologic calcite [6-14, 17, 18, 22-24, 26, 28, 29, 
33, 36-38, 42, 46], small synthetic calcite [21, 27, 32, 36, 40, 43, 44], and small calcite 
inclusions in limestone [15, 16]. As in Fig. 4.1, hardnesses were converted from the 
reported Vickers [7-10, 13, 15, 16, 18, 22, 36, 46] or Knoop [6, 9, 11, 12] values to 
Meyer hardness for direct comparison with the nanoindentation hardness results. 
Additionally, any nanoindentation data for which the load was not reported (depth 
only), reported indenter depths were converted to indenter loads by assuming an ideal 
Berkovich indenter geometry. From this plot, we see that at least part of the overall 
variation in hardness among these data sets is consistent with an indentation size 
effect. With few exceptions, the data fall in a band approximately 1 GPa wide that 
goes from about 3.5 GPa at 0.2 mN to about 1 GPa at 4900 mN. 
In Figure 4.3b, two fits to ISE the data from Fig. 4.3a are shown. For these fits, the 
data is plotted versus indenter depth instead of load, to facilitate comparison to 
popular ISE models which are often formulated in terms of indenter depth [56, 57]. 
Similar to Fig. 4.3a, any microindentation data for which depth was not reported (load 
only) reported indenter depths were converted to indenter loads by assuming an ideal 
Vickers or Knoop indenter geometry. The Nix-Gao fit is to a model based on a strain 
gradient plasticity explanation for ISE [58], while the semi-log fit is a purely empirical 
fit to the data. Comparing these fits, we note that the empirical semi-log fit seems to 
better describe the data over the entire range.  
While the ISE explains much of the variation in hardness reported for pure calcite, 
the remaining ~1 GPa variation at any given load is still unexplained. The data in Fig. 
4.3 come from a variety of crystal orientations. In some reports, indentations were 
made across a range of specified orientations [6, 7, 11, 12, 33, 38], while in others the 
crystals were randomly oriented [21, 27, 32, 36, 40, 43, 44]. In the following, we 
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determine to what extent the remaining hardness variations can be explained by 
anisotropy effects. 
4.3. EXPERIMENTS AND RESULTS 
Large crystals of Iceland spar from two different sources were cleaved into 
rhombohedra displaying natural {1014} cleavage facets with edges of 1-2 cm in 
length. Surfaces parallel to (0001) were obtained in samples sourced from Mexico 
(Carolina Biological Supplies GEO3429B) as described previously [33]. Cleaved 
rhombohedra were mechanically polished to within ± 1˚ of (0001) on one corner as 
shown in Figure 4.2a, starting with a disk grinder, followed by graded Al2O3 lapping 
films, and a final 50 nm Al2O3 powder (Buehler micropolish c-Al2O3) suspended in a 
water and 2-methyl-2,4-pentanediol mix (Green Lube, Allied High Tech). Polishing 
achieved an RMS roughness of ~10 nm, as measured over a (30 μm)2 scan area using 
indenter SFM. The concentrations of a few impurity atoms known to substitute for Ca 
in calcite (Mg, Mn, and Fe) were measured on separate small pieces using inductively 
coupled plasma mass spectrometry (ICP-AES). The concentrations of Mn and Fe were 
each extremely small (0.01 and 0.03 at%, respectively), and the Mg concentration was 
also small, at 0.16 at%. The (1014) surfaces indented in this study were the {1014} 
cleavage facets of rhombohedra cleaved from crystals sourced from Brazil (Ward’s 
Science 470225-122). Because {1014} planes have very low surface energy in calcite, 
they can be nearly atomically smooth upon fracture. Even without polishing, these as-
cleaved rhombohedra had surface roughness < 10 nm RMS as measured over a 
(30 μm)2 area using indenter SFM. The Mg concentration in the (10-14) sample was 
measured using WDS, and found to be similar to that in the (0001) sample, at 0.22 +/- 
0.04 at%.  
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Four sets of nanoindentation experiments were performed. On the (0001) face: (1) 
indentations were made at different azimuthal orientations using a Berkovich indenter 
at maximum loads of 2.5 and 9-10 mN, (2) an indentation load series from 2.5 to 10 
mN in 0.5 mN load steps was made at fixed azimuthal angle, also using the Berkovich 
indenter, and (3) a cube-corner indenter was used to make indentations to a maximum 
load of 20 mN while observing the indentation process in-situ in a scanning electron 
microscope (SEM). On the (𝟏𝟎𝟏𝟒) face, (4) indentations were made at different 
azimuthal orientations using the Berkovich indenter at maximum loads of 2.5 and 
10 mN.  
All Berkovich indentations were performed using a Hysitron Triboindenter (TI-
900). The shape of the indenter tip was calibrated using the Oliver and Pharr method 
on fused silica [86]. The radius at the indenter tip was approximately 120 nm. Except 
for the indentations to a maximum load of 10 mN on the (1014) face, all Berkovich 
indentations were performed in quasi-static mode. Each quasi-static indentation was 
load controlled, with a 5 s ramp to maximum load, a 5 s hold at maximum load, and 
5 s ramp back down to zero load. Hardness and modulus were calculated according to 
the Oliver and Pharr method [86] by fitting a power law to the unloading data between 
20 and 95% of the maximum load and using the slope of this fit at the maximum load 
as the contact stiffness. The 10 mN indentations on the (1014) face were performed in 
dynamic “nano-DMA” mode. For these indentations, the mean applied load was 
increased in 20 discrete load steps from 1-10 mN over the course of 70 seconds. In 
addition, a small sinusoidal loading at 100 Hz was applied with the amplitude varied 
so as to maintain a dynamic displacement of approximately 3 nm. Hardness and 
modulus were calculated using a dynamic model [86] to analyze the amplitude of the 
displacement signal to calculate the contact stiffness. In all cases, for modulus we 
report the quantity 𝐸;/ 1 − 𝜈;O , which is the plane strain or “flexural” modulus of the 
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sample. Here, we will simply refer to this quantity as the “indentation modulus,” and 
use the symbol 𝐹;. 
Surface topography scans were performed using two scanning force microscopy 
(SFM) methods. In the first, the same Berkovich tip that was used to make the 
indentations was scanned across the surface to create an SFM image before and after 
most indentations. We refer to this method as “indenter SFM”. In the second, a 
commercial atomic force microscope (AFM) was used to obtain high resolution 
images of indentations. For these experiments, a Digital Instruments DI 3100 AFM 
equipped with a SiN tip (Olympus Corporation) was used in tapping mode. In 
addition, images were obtained of select Berkovich indentations using scanning 
electron microscopy (LEO 1550 FESEM). Prior to imaging in this SEM, samples were 
coated with Au-Pd (to prevent charging). 
Indentations using a cube-corner indenter were made using a PI 85 SEM 
PicoIndenter (Hysitron Inc., Minneapolis, MN) installed in a Versa 3D FIBSEM (FEI 
Company, Hillsboro, OR). In-situ real-time SEM images of the indentation process 
were obtained, along with load-displacement data. The samples tested in-situ were 
uncoated (to prevent affecting the natural evolution of cracks and pile-up), so to 
prevent charging the SEM was run were imaged at a low acceleration voltage with a 
low current. Additional SEM images of these cube-corner indentations were made 
after the indenter was removed. 
4.3.1. (0001) specimen preparation 
A large calcite crystal was cleaved into rhombohedra displaying natural {10-14} 
cleavage facets with edges of 1-2 cm in length. These rhombohedra were mechanically 
polished on the (0001) plane to within ± 1˚ using a disk grinder followed by graded 
Al2O3 lapping films and a final 50 nm Al2O3 powder (Buehler micropolish c-Al2O3) 
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suspended in a water and 2-methyl-2,4-pentanediol mix (Green Lube, Allied High 
Tech). Polishing achieved an RMS roughness of ~10 nm, as measured over a 30 μm 
square scan area using indenter SFM.  
4.3.2. (0001) azimuthal indentation series 
Berkovich indentations were performed on the prepared (0001) facet at different 
azimuthal orientations as shown in Figure 4.4a and b. The azimuthal angle (f) was 
defined as the angle between the edges of the residual indentation and the edges of the 
crystal defined by the intersections of {1014} planes with the polished (0001) plane, 
which correspond with the a-axis directions of the crystal (<2110> directions). f was 
defined to be zero when the edges of the indentation were parallel to the edges of the 
(0001) facet (i.e. parallel to the a-axes) and the corners of the indentation were 
pointing towards the corners of the (0001) facet (i.e., toward <4040>). f was defined 
to increase in magnitude with clockwise rotation of the indenter. The full symmetry of 
the (0001) face is contained within azimuthal angles between 0-60°, but to check for 
possible alignment effects, the angle was varied from 0-120° in 10° increments. At 
each angle, an array of 9 indentations was made using a maximum load of 2.5 mN. At 
this load, indentation depths were at least 10× the RMS roughness of the surface, and 
are thus not expected to be significantly affected by the roughness. This low load was 
selected to minimize the chance of fracture and to obtain hardness values that would 
be directly comparable with nanoindentation results from biologic and synthetic 
calcites [19-27, 30-35, 37-39, 41-45, 47], which are typically available only as small 
(10–100 µm) crystals. Additional sets of indentations were made using maximum 
loads of 9 mN (3 per angle at azimuthal angles between 0-60º in 20º increments) and 
at 10 mN (6 each at 0 and 60º). 
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Figure 4.4: a) Schematic of a calcite single crystal showing {1014} cleavage facets, a 
ground and polished (0001) surface, one of three equivalent {1018} planes, and the a1, 
a2, and a3 directions. The (1018) twin plane intersects the (0001) plane along a line 
that is parallel to the a2-axis. b) Schematic showing how the azimuthal angle, f, for 
Berkovich indentations is defined on the (0001) plane. c) Schematic showing how f is 
defined on the (1014) plane. 
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The calculated hardness and modulus are plotted as a function of f in Figure 4.5. 
The data are nearly symmetric about f = 60°, indicating good alignment of the 
indenter axis and sample normal. At both 0 and 60º, the hardness measured at 10 mN 
is lower (2-6%) than that measured at 2.5 mN, in agreement with the ISE shown in 
Fig. 4.3. At each load, the hardness is maximum (≈ 2.4-2.5 GPa) near the 60° 
orientation and minimum (≈ 2.2-2.3 GPa) near the symmetrically equivalent 0° and 
120° orientations. The indentation modulus follows the opposite trend. At both 0 and 
60º, the indentation modulus at 10 mN is similar to that at 2.5 mN (≈ 81 GPa at 0º and 
≈ 70 GPa at 60º). The variations with f are approximately 12% and 17% in hardness 
and modulus, respectively.  
The surface topography of the residual indentations in the (0001) face varied 
significantly with f. Figure 4.6 shows indenter SFM images of 10 mN indentations at 
f = 0 and 60°. The indentations made at f = 0° (Fig. 4.6a) show significant pile-up at 
the edges of the residual indentations (103 nm from the flat sample surface to the 
peak, compared to a final indentation depth of 279 nm). The pile-up is comprised of 
three distinct features. From the outside in, there is a step up that is aligned with the 
crystallographic a axes, followed by a raised flat plateau, followed by a slope leading 
up to the peak of the pileup. The alignment of the outermost step with the a-axes 
indicates a crystallographic origin for this behavior. In contrast, indentations made at 
f = 60° showed no sign of pile-up (Fig. 4.6b). 
SEM images of the residual indentations emphasize the crystallographic nature of 
the pileup and reveal that it is also associated with cracking. Figure 4.7a shows 
indentations made to 9 mN at f = 0, 20, 40, and 60º. Fig. 4.7b shows the orientation 
relationship between the indenter and the (0001) face schematically. The pileup 
evident in Fig. 4.6a is also visible at f = 0º in Fig. 4.7a and deceases with increasing f. 
The visible steps on the surface outside the indent remain parallel to the a-axes as f 
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increases. These are indicated by dashed white lines in Fig. 4.7c. Significant cracking 
is associated with the pileup and decreases, along with the pileup, from f = 0° to f = 
60º. These are not the typical radial cracks that emanate from the corners of 
indentations [87], but rather form in pairs that connect the crystallographic surface 
step at the outside of the indentation with the interior of the indentation. The solid 
white lines in Fig. 4.7c trace these prominent cracks. 
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Figure 4.5: a) Hardness (H), and b) indentation modulus (Fs), as a function of 
azimuthal angle f on the (0001) face. Calculated Oliver-Pharr hardness and modulus 
values from indentations made to 2.5 mN maximum load at f = 0-120º are plotted as 
filled symbols (mean of 9 at each angle), and from indentations made to 10 mN at 
f = 0º and 60º are plotted as open symbols (mean of 6 at each angle). Error bars 
represent one standard deviation. The data are symmetric about the vertical dashed 
line at f = 60º, as expected from the symmetries of the indenter tip and the (0001) face 
of calcite. Values after correcting the contact area for pile-up from 2.5 and 10 mN 
indentations at f = 0º (see Fig. 4.10) are plotted as corresponding half-filled symbols. 
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Figure 4.6: Indenter SFM scans of 10 mN indentations on the (0001) face made at a) 
f = 0 and b) f = 60 degrees. Significant pile-up is observed at f = 0º. 
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Figure 4.7: a) SEM images of indentations made at 10 mN load on the (0001) face at 
azimuthal angles f = 0, 20, 40, and 60º. b) Schematics showing the orientations of the 
residual indentations with respect to the polished (0001) face of the crystal at each 
azimuthal angle. c) SEM images from a) with cracks (solid lines) and surface steps at 
the outer edge of the pileup (dashed lines) traced. The surface steps are aligned with 
the a-axis directions and the cracks connect the indentations to the ends of the surface 
steps. 
  
Indentation 
(0001) face 
a1 
ϕ 
ϕ = 0° ϕ = 20° ϕ = 40° ϕ = 60° 
(a) 
(b) 
(c) 
a2 a3 
a1 
a2 
a3 
a1 
a2 
a3 
a2 
a1 
a3 
 87 
4.3.3. (0001) indentation load series  
To determine the load dependence of the pile-up and fracture for indentations with 
azimuthal angles near f = 0°, indentations were made with the Berkovich indenter on 
the (0001) face at f = 0° at applied loads ranging from 2.5 to 10 mN in 0.5 mN 
increments, with 3 indentations at each load. Each indentation in this series was 
imaged using SEM and the total crack length associated with each indentation was 
measured by tracing all visible cracks in each image. Example images of residual 
indentations at 2.5 and 10 mN without and with crack tracing are shown in Figures 
4.8a and b and Fig’s 4.8c and d, respectively. The average crack length per indentation 
is plotted versus applied indentation load in Figure 4.9. The total crack length and the 
scatter in the crack length data both increase with indentation load.  
The surface topographies measured by AFM from representative indentations at 
2.5 and 10 mN are shown in Figure 4.10. Line-profile traces were taken from the 
corner to the center of the opposite edge for all three edges of each residual 
indentation. The locations of these scans are shown in Fig’s 4.10a and c and the 
corresponding height versus distance data are plotted in Fig’s 4.10b and d. Small 
arrows indicate the steps that are aligned with the a-axes at the outer edge of the 
pileup, as seen in Fig’s 4.6, 4.7, and 4.8. The pileups at all loads have similar shapes 
and features, but are taller and wider at the higher load. No fracture threshold is visible 
in this load range, but the trend in the data suggest that there might be one at about 1.5 
mN. 
Consistent with Fig. 4.5, cracking is associated with significantly reduced 
hardness. The average hardness (not shown) decreases with applied load from ~2.3 
GPa at 2.5 mN to ~2.0 GPa at 10 mN. While the magnitude of the decrease is in good 
agreement with the ISE shown in Fig. 4.3, the values are at the bottom of the reported 
band.  
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Figure 4.8: SEM images of indentations made at (a) 2.5 and (b) 10 mN load. c) and d) 
traces of the cracks from these same images. 
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Figure 4.9: Average crack length per indentation traced from 3 indentations made at 
each load. 
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Figure 4.10: AFM images of indentations made at a) 2.5 and c) 10 mN load. b) and d) 
show height vs. distance for scans along the lines indicated in a) and c). Arrows 
indicate the locations of the crystallographic surface steps at the outermost edges of 
the pileups.  
0 1 2 3 4
0
50
100
150
200
Distance (µm)
H
ei
gh
t (
nm
)
0 1 2 3 4 5 6
0
100
200
300
400
Distance (µm)
H
ei
gh
t (
nm
)
(a) (b) 
(c) (d) 
 91 
4.3.4. (0001) in-situ indentation 
To determine when and how cracking and pile-up form during indentation, we 
performed indentations on the (0001) face using a cube corner indenter in a setup that 
allowed us to obtain SEM images of the indentation process in-situ. The more acute 
cube-corner geometry (compared to Berkovich) produces a slightly different stress 
state [88] but allows for a better view of the surface during indentation in-situ in the 
SEM. Load-displacement data were recorded in sync with the real-time SEM video. 
In-situ indentations were performed in load control, with a 40 s ramp to a maximum 
load of 20 mN, a 5 s hold at 20 mN load, and 5 s ramp back down to zero load. Ten 
indentations each were performed at f = 0° and f = 60°.  
Load-displacement data, along with still images from the video, from an in-situ 
indentation at f = 0° are shown for different time steps in Figure 4.11. Arrows in Fig. 
4.11a point to the load-displacement curve at the same time time-stamp as the SEM 
images in Fig’s 4.11b and c. In the video (available online), no obvious cracking is 
visible up to ~13 mN load (Fig. 4.11b). Between ~14-15 mN load (Fig. 4.11c), a large 
crack appears, accompanied by an upthrust of material on each side of the crack. It is 
evident that the formation of this crack (circled in Fig. 4.11c) correlates with a jump in 
the load-displacement data (circled in Fig. 4.11a). Similar jumps in the load-
displacement data (indicated by asterisks in Fig. 4.11a) are due to the formation of 
similar cracks outside the field of view. Fig. 4.11d shows the indenter at final depth 
(after unloading), with the large crack from Fig. 4.11c having reached its final length. 
An SEM image of the residual indentation (Fig. 4.11e) reveals features similar to those 
seen in residual Berkovich indentations at f = 0° (Fig’s 4.6-8, and 4.10), including 
pileup that terminates at surface steps parallel to the a-axes and cracks that extend 
from the indentation to that surface step. 
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Figure 4.11: In-situ SEM of cube-corner indentation on (0001) at azimuthal angle f = 
0˚. a) Load-displacement data and corresponding SEM images of indentation b) before 
any obvious cracking, and c) right after formation of crack at ~14 mN. d) Full extent 
of cracking at final depth. e) SEM of residual indentation. Black arrows in d) and e) 
show the same crystal direction.  
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Load-displacement data, along with still images from the video of an in-situ 
indentation, at f = 60° are shown in Figure 4.12. Arrows in Fig. 4.12a point to the 
load-displacement curve at the same time time-stamp as the SEM images in Fig’s 
4.12b and c. Changes in surface morphology are more subtle than in Fig. 4.11. 
However, between 12-13 mN (Fig. 4.12c) a small pile-up appears, along with barely 
visible cracks, correlated with a jump in the load-displacement data (circled in Fig. 
4.12c). As before, other jumps in the load-displacement data (marked by asterisks) are 
associated with the formation of surface features outside the field of view. Fig. 4.12d 
shows the indenter at final depth (after unloading), with the small pile-up from Fig. 
4.12c having reached its final extent. An SEM image of this residual indentation 
(shown in Fig. 4.12e) reveals behavior that was not seen in Berkovich indentations at 
f = 60°, which showed neither pileups nor cracking. Instead, like the indentations at f 
= 0°, pileups (although subtle), which terminate at surface steps parallel to the a-axes 
and are bounded by cracks that extend from the surface step to the indentation, form 
around the indentation. However, because of the orientation, in this case the pileup 
emanates from the corners of the indenter rather than the edges. 
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Figure 4.12: In-situ SEM of cube-corner indentation on (0001) at azimuthal angle f = 
60˚. a) Load-displacement data and corresponding SEM images of indentation b) 
before any obvious cracking, and c) right after formation of pileup at ~13 mN. d) Full 
extent of pile-up at final depth. e) SEM of residual indentation. Black arrows in d) and 
e) show the same crystal direction.  
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4.3.5. (𝟏𝟎𝟏𝟒) specimen preparation 
Because {1014} planes have the lowest surface energy in calcite, they can be nearly 
atomically smooth upon fracture. Even without polishing, the as-cleaved rhombohedra 
had surface roughness < 10 nm RMS as measured over a (30 μm)2 area using indenter 
SFM. Thus, we just used the as-cleaved (1014) faces for indentation experiments.  
4.3.6. (𝟏𝟎𝟏𝟒) azimuthal indentation series 
For Berkovich indentations on the (1014) facet, the azimuthal angle, f, was defined 
as zero when one edge of a residual indentation was parallel to the [0441] direction 
and as increasing with clockwise rotation of the indenter, as illustrated in Fig. 4c. f 
was varied from 0 to 120° in 10° increments. The full symmetry between the indenter 
and the (1014) facet is contained within azimuthal angles of 21-81°, but the full 120° 
of the symmetry of the indenter probe was used to check for possible alignment 
effects. At each angle, an array of 5 indentations was made to a maximum load of 2.5 
mN. As on the (0001) face, this load generates indentations to depths greater than 10 
times the RMS surface roughness. A set of dynamic load indentations was made 
across the same range of azimuthal orientations to a maximum load of 10 mN to 
determine the effect of applied load on these measurements. 
Calculated hardness and modulus for indentations made on the (1014) face at 
both 2.5 and 10 mN load are plotted as a function of f in Figure 4.13. Both are nearly 
constant with azimuthal orientation. The hardness at 10 mN is slightly (~4%) lower 
than that at 2.5 mN, consistent with the ISE in Fig. 4.3. The average modulus is 86 
GPa, about 23% higher than the lowest value on (0001), and the average hardness at 
2.5 mN is 2.5 GPa, about 12% higher than the lowest value on (0001). 
As before, the surface topography was measured after these indentations by 
indenter SFM. Representative images of 10 mN load indents are shown in Figure 4.14. 
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No signs of pile up or fracture surrounding the residual indentations were seen at any 
azimuthal orientation.  
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Figure 4.13: The hardness (H) and indentation modulus (Fs) measured on the (1014) 
face, plotted vs. azimuthal angle. Hardness at select azimuthal angles was measured at 
both 2.5 and 10 mN.  
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Figure 4.14: Indenter SFM scans of the 10 mN indentations made on the (1014) face 
at f = a) 30, b) 45, and c) 60 degrees. Note that no pile-up or cracking is observed at 
any angle.  
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4.4. DISCUSSION 
We showed that the largest fraction (≈ 3 GPa) of the reported variation in the hardness 
of pure single crystal calcite (Fig. 4.1) is due to the indentation size effect (Fig. 4.3), 
but that large variations (≈ 1 GPa) remain at a given load. Indentations on the (0001) 
face show a small (≈ 0.3 GPa) but systematic variation in hardness (Fig. 4.5) with 
azimuthal angle f that is clearly related to a specific interaction between the indenter 
geometry and the slip systems in the material (Fig’s 4.6-8, and 4.10-12). Indentations 
on the (1014) face show no systematic variation with azimuthal angle. We briefly 
discuss the ISE, focus in detail on the mechanisms responsible for orientation effects 
(or lack thereof), and comment briefly on the role of experimental errors in calcite 
hardness measurements. 
4.4.1 Indentation size effect 
By simply converting published hardness values for pure, defect free, single crystal 
calcite to Meyer hardness (load/projected area) and plotting as a function of load or 
depth (Fig. 4.3), we see that, with only a few exceptions (Hangen [14], DiGiosia et al. 
[43], Calvaresi, et al. [32], and Barber and Wenk [8]), the data all follow a uniform 
trend. These include results from bulk geologic [6-14, 17, 18, 22-24, 26, 28, 29, 33, 
36-38, 42, 46] and synthetic [21, 27, 32, 36, 40, 43, 44] calcite, and calcite inclusions 
in limestone [15, 16], which were tested by microindentation using Vickers [7-10, 13, 
15, 16, 18, 22, 36, 46] or Knoop [6, 9, 11, 12] indenters, and nanoindentation using a 
Berkovich indenter [14-17, 21-24, 26-29, 32, 33, 37, 38, 40, 42-44] covering nearly 
four orders of magnitude in load. The data and fits in Fig. 4.3 thus constitute a “master 
curve” for the reference hardness of pure single crystal calcite.  
Ignoring the outliers ([8, 14, 32, 43]), the data in Fig. 4.3 show a decrease in 
hardness from ~3.5 GPa at 0.2 mN, to ~1 GPa at 4,900 mN (a ~70% decrease). 
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Although the magnitude of the ISE is strongly dependent on material (e.g. fused quartz 
shows little to no ISE across a similar load range [58]), the ISE shown in Fig. 4.3 is 
similar in scale to that in other similar materials. For example, using data reported in 
two different studies [78, 80] the hardness of aragonite (an orthorhombic CaCO3 
polymorph), shows a decrease in hardness between 1 and 2,000 mN of ~60%. For 
comparison, Qian et al., [89] determined the hardness of Cu, stainless steel, NiTi, 
fused silica, and Si and found total drops in hardness of approximately 80%, 50%, 
20%, 25%, and 20%, respectively, in the range from 1 to 5000 mN. They suggest that 
the ISE may be related to pileup and thus correlated to the Y/E (yield stress to 
modulus) ratio of the material, such that a lower ratio results in a larger total decrease. 
Indeed, NiTi, fused silica, and Si all have relatively high Y/E ratios (> 0.1), and show 
relatively small total decreases (< 25%). The Y/E ratio of calcite (which we estimate to 
be ~0.01) is similar to that of Cu and stainless steel, which show larger total decreases 
in hardness of approximately 80% and 50%, respectively. Thus, the magnitude of the 
ISE that we show for calcite (~70%) in Fig. 4.3 appears to be reasonable.  
 
4.4.2. Role of {𝟏𝟎𝟏𝟖} twins in deformation, hardness, and indentation 
modulus on the (0001) face 
The presence of the surface step parallel to the a-axis direction at the edge of the 
pileup for indentations on the (0001) face (Fig’s 4.6-8, 4.10, 4.11e, 4.12e) indicates 
that the pileup occurs by slip on a particular slip system. We show that this system is 
the {1018}<4041> twin system.  
For three-sided indenters, at both f = 0° and f = 60°, the a-axes lie simultaneously 
in the sample surface plane, the planes of all three indenter faces, and all three slip 
planes: {1018}, {1012}, and {1014}. That is, an edge of an indentation, which is 
nominally the line of intersection of the sample surface with one of the indenter faces, 
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is also parallel to the intersection of the {1012} and {1014} slip planes and the {1018} twin planes with the sample surface. This situation is illustrated in Figure 
4.15a, which is a schematic cross-section looking in the +a2-axis direction showing the 
relationships of the indenter faces at f = 0° and edges at f = 60° with the slip planes, 
twin plane, and free surface, on the side of the indentation that faces an (0001)/{1014} 
edge (Fig. 4.4). The situation is the same at each of the three indenter faces and edges.  
This configuration leads directly to an explanation for the azimuth-dependent 
indentation results shown in Fig’s 4.5-7, 4.11 and 4.12. It is well known that the stress 
field under an indenter tip includes a large hydrostatic compressive component [90-
92]. At the 0° azimuthal orientation, the {1018} twin system is ideally oriented with 
respect to the faces of either indenter to relax that hydrostatic pressure by forming 
twins that allow blocks of material to move out from under the indenter towards the 
free surface, as shown schematically in Fig. 4.15b. Note that this configuration 
produces a step in the surface along the intersection with the {1018} plane parallel to 
the a2-axis, just as we see in Fig’s 4.6-8, 4.10, and 4.11. 
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Figure 4.15: a) Schematic cross-section of indentation on (0001) showing relative 
orientations of slip systems and indenter faces (at f = 0˚) and edges (at f = 60˚) 
between the indenter and the nearest (0001)/{1014} facet edges. b) Same as (a) 
showing how {1018} twinning can move material to the surface to relieve the stress 
under the indenter.  
Cube-Corner indenter Berkovich indenter 
Face 
(at ϕ = 0º) 
Edge 
(at ϕ = 60º)  
Edge 
(at ϕ = 60º)  
Face 
(at ϕ = 0º) 
13° 
25°* 
39°* 
26° 63° 45° 
Calcite (0001) 
 free surface 
55°* 
Hydrostatic 
Pressure 
+ 
– 
+ 
– 
+ 
a1-a3 -a2 
c 
Cube-Corner indenter 
Face 
(at ϕ = 0º) 
Edge 
(at ϕ = 60º)  
Berkovich indenter 
face (at ϕ = 0º) 
26° 63° 45° 
25° 
39°* 
55°* 
Calcite (0001) 
 free surface 
+ 
– 
+ 
– 
+ 
Twin
 
a1-a3 -a2 
c 
(a) 
(b) 
{1018} 
<4041>+ 
{1012} 
<2201>+/- ; <0221>+/- 
{1014} 
<2021>+/- 
{1018} 
<4041>+ 
{1012} 
<2201>+/- ; <0221>+/- 
{1014} 
<2021>+/- 
52.5° 
Parent 
 103 
The upthrust of material from below the indenter also accounts for the cracking 
that we see at f = 0°. Since the indenter face is triangular, a wedge-shaped volume is 
extruded up from beneath the indenter, as can be seen in Fig’s 4.6-8, 4.10, and 4.11. 
This can only happen if cracks form along the edges of the upthrust material as shown 
in Figure 4.16a. Indeed, as shown in Fig. 4.9, the overall crack length increases with 
indentation load and thus simply with the size of the upthrust volume. The in-situ 
experiments reveal how the pileup forms. In the videos, the pile-up (and associated 
cracks) forms in discrete spurts that are associated with jumps in the load-
displacement data. As the indenter sinks in, the accumulated upthrusts lead to the 
observed pileup.  
Analysis of the pileup provides further detail. AFM line scans from 0° indentations 
made at 2.5 and 10 mN (from Fig. 4.10) are shown at higher magnification in Figure 
4.17. The general shape of the two pile-ups is the same. Both consist of a series of 
sloped regions separated by relatively flat regions (Fig. 4.17a and b). The angles that 
the sloped regions make with the flat surface were 10–22˚, as determined by fitting 
straight lines to those regions (R2 > 0.98). Since the twin angle with the surface is 
52.5° (Fig. 4.15b), the piled-up surface must be comprised of some distribution of 
twins separated by untwinned parent material, as illustrated in Figure 4.17c. For 
example, a regular array of equally sized twins separated by a distance 1.76 times the 
twin width would create a ~10° incline. Thus, we can estimate that about 36–63% of 
the volume of the material in the steep regions is twinned, and about 22–38% in the 
pileups overall. 
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Figure 4.16: Schematics showing how upthrust twinning at a) f = 0˚ and b) f = 60˚ 
must be accommodated by cracking.  
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Figure 4.17: Magnified AFM line scans from indentations made at a) 2.5 and b) 10 
mN load from Fig. 4.7. c) Schematic showing how the measured slopes could be 
created by an array of twins.  
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In contrast, Berkovich indentations made at f = 60° on the (0001) face show no 
pileup, no cracks, and no crystallographic steps at either 2.5 or 10 mN load. This can 
also be easily understood by again considering the orientations of the slip planes 
adjacent to the indentation, but this time looking at the opposite side of the 
indentation, i.e. the side that faces the corner where two {1014} faces meet the (0001) 
face (Fig. 4.4) as shown in Figure 4.18. In this case we are looking along the indenter 
faces at f = 60° and perpendicular to the indenter edges at f = 0°. In this case, the {1018} system cannot efficiently relieve the hydrostatic stress of the indentation. 
Instead, slip on the more difficult {1014} and 1012  planes must occur. Although the {1014} plane appears to be favorably oriented for a similar upthrust, the fact that the 
CRSS is 20x higher than that on {1018} must prevent this. Since there is no twinning 
and no upthrust, there is no pileup and no cracking. 
The influence of the twin planes is emphasized in Fig. 4.12e, where twinning, 
pileup (albeit small), and cracking are seen, even at the 60° orientation, after a 20 mN 
indentation with the cube corner indenter. Crystallographically, the pileup morphology 
is identical to the situation at 0°, but the pileup, twins, and cracks are now in front of 
the edges of the indenter (corners of the indentation) rather than the faces (edges of the 
indentation), as shown schematically in Figure 4.16b. As evident in Fig. 4.15, while 
the Berkovich indenter edge angle is apparently low enough to prevent upthrusts due 
to twinning from forming (Fig’s 4.6 and 4.7), the edges of the cube corner indenter 
make a much higher angle with the sample surface, allowing twins to form in front of 
the indentation corners (Fig. 4.12e and Fig. 4.16b).  
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Figure 4.18: Schematic cross-section of indentation on (0001) showing relative 
orientations of slip systems and indenter faces (f = 60˚) and edges (f = 0˚) between 
the indenter and the facet corner formed by the intersection of the (0001)/{1014} facet 
edges. Note that the slip on {1018} could not twin material towards the free surface.  
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The variation in hardness with azimuthal angle f shown in Fig. 4.5 can now be 
understood as follows: At f = 0°, all three indenter faces are oriented such that the 
hydrostatic pressure of the indentation can be partially relieved by simple upthrust of 
the material by {1018} twinning. Because the CRSS for {1018} twinning is much less 
(≈ 1/20) than the CRSS values for the remaining {1014} and {1012} slip systems 
[83], this reduces the total force needed to achieve a certain amount of indentation 
deformation, and thus the hardness, compared to f = 60°, where significant twinning 
does not occur. These simple twin shears cannot provide all of the deformation 
required to form the indentation since extensive 3-D plasticity is required. This, in 
turn, requires dislocation motion on the much more difficult {1014} and {1012} slip 
systems, and since this deformation occurs in parallel with twinning, the overall 
reduction in hardness is small.  
Crack formation is correlated with the reduction in hardness, but it is not clear 
what role the cracks that we see (Fig’s 4.7 and 4.8) play in the hardness variations 
shown in Fig. 4.5. It is important to realize that these cracks are not the typical cracks 
that are associated with indentation processes [87, 93]. It is well known that there is a 
load threshold for indentation cracking in brittle materials that arises because of the 
differences in the rate of growth of plastic work and fracture energy with indentation 
size [94, 95]. Such indentation cracks are driven by the stresses surrounding the 
indentation and have typical shapes and locations that depend on the properties of the 
material being indented, the shape of the indenter, and other factors [87]. Although our 
cracks appear somewhat similar to typical radial indentation cracks [93], they are not: 
They have either no or a very low threshold, and increase steadily with increasing load 
(Fig. 4.9), while radial cracks typically have a marked initiation threshold [94, 95]; 
they do not emerge at indentation corners where the stresses that lead to radial cracks 
are highest [90]; and they form on loading (Fig’s 4.11 and 4.12, video online) while 
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radial cracks typically form on unloading [93]. Furthermore, they are orientation 
dependent in that they do not appear at f = 60°, yet the cracks that we see at f = 0° are 
not facetted, as they would be if a low-energy cleavage plane was facilitating fracture 
[11]. Thus, it appears that the indentation loads imposed in these experiments are well 
below the threshold for normal indentation fracture, even for the cube corner 
indentations at 20 mN. Instead cracks form simply to accommodate the twins. We 
attribute the scatter in the data, which is larger near f = 0° than f = 60° to the 
variability in the extent of twinning, pileup, and cracking among indentations at the 
same load (Fig. 4.5). 
Although small (≈ 12%), the variation in hardness we see with the three-sided 
Berkovich indenter is undoubtedly larger than would be seen at similar loads with a 
four-sided Vickers or Knoop indenter. While the face angles for these indenters are 
similar, only one face at a time is perfectly oriented for twinning. However, it is 
interesting to note that, for the Berkovich indenter, significant twinning occurs (Fig. 
4.6) and the hardness is significantly reduced (Fig. 4.5) over a range of azimuthal 
angles spanning at least ± 15° from f = 0°. For a Vickers indenter, two faces are 15° 
from the ideal orientation every 30° in f. Whether this allows enough displacement to 
form {1018} twin upthrusts at those orientations is unknown. But because only part of 
the indentation can twin and because the effects occur over a range in f, little 
azimuthal variation would be expected.  
Finally, we note that the trend in indentation modulus is the opposite of that in 
hardness (Fig. 4.5). Because cracks increase compliance, the modulus variation must 
be an artifact. Due to pileup, the contact area between the indenter and the sample is 
larger near f = 0° than is predicted by the Oliver and Pharr analysis, leading to 
increased contact stiffness, which is then interpreted as an increased modulus. For 
determining contact area, the important dimension of the pile-up here is the horizontal 
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distance from where the surface profile inside the residual indentation meets the 
original sample surface, to the peak of the pile-up (e.g., the distance between the X’s 
in Fig. 4.10b and d). At 2.5 and 10 mN (Fig’s 4.10a and b), the average of these 
distances for the three pile-up lobes is 83 and 285 nm, respectively. By approximating 
the contact perimeter as a semi-ellipse [96] we estimate that the true contact areas are 
21 and 33% greater than the Oliver-Pharr calculated contact areas, and that the true 
moduli are 9 and 13% lower, at 2.5 and 10 mN, respectively. The corrected values at f 
= 0° are 72 and 68 GPa (half-filled squares in Fig. 4.5), close to the average value of 
69-70 GPa measured at f = 60° where there is no pile-up and no need for contact area 
correction. We expect that the effect of correcting all contact areas would be to reduce 
the variation in modulus with f, such that the average modulus measured at any f on 
the (0001) face would be ~68-72 GPa. Correcting the contact area also affects the 
hardness. At 2.5 and 10 mN, the corrected hardnesses at f = 0° are 17 and 25% lower 
(half-filled circles in Fig. 4.5). Hence, the effect of correcting all contact areas would 
be to significantly increase the variation in hardness with f .  
4.4.3. Deformation, hardness, and indentation modulus on the (𝟏𝟎𝟏𝟒) 
face 
In contrast to the 3-fold rotational symmetry of the (0001) face, the (1014) face of 
calcite has no rotational symmetry. Hence, the orientation of the slip systems relative 
to each indenter face is unique at all azimuthal angles, regardless whether a 3- or 4-
sided indenter is used. Furthermore, the Burgers vectors for two of the three twin 
systems are parallel to the (1014) face so only the (1018) plane can twin in the way 
described above (Figure 4.4a).  
Accordingly, we see no evidence of pile-up or fracture at any azimuthal angle for 
Berkovich indentations the (1014) face, and our hardness and modulus results (Fig. 
4.13) show no significant variation with f. Interestingly, the average value of hardness 
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across all azimuthal angles on (1014) matches the average hardness measured at the 
60º orientation on (0001), for which {1018} twinning is suppressed. Furthermore, in 
the absence of pileup, the modulus artifact seen for indentations on the (0001) face 
does not appear for indentations on the 1014  face. 
4.4.4 Comparison of hardness on the (0001) and 𝟏𝟎𝟏𝟒  faces 
To describe the plastic anisotropy in our results, we develop a simple model based on 
concepts proposed by Daniels and Dunn [97] and elaborated by Brookes, O’Neill, and 
Redfern [62]. The stress state under an indenter is quite inhomogeneous and complex. 
However, for the upthrusts that we see (Fig’s 4.6 & 4.10) a slip system that allows 
rotation about an axis parallel to the edge of the indentation (i.e. to both the adjacent 
indenter face and the sample surface) is required. The 1018  twin system provides 
this uniquely at all three indenter faces when f = 0°. We assume that there is an 
effective resolved stress, teff, at which this slip system operates and that this stress 
varies as the cosine of the angle between the edge of the indentation and the rotation 
axis, which is, according to our definition, just f . Thus, slip occurs when some 
measure of the local applied stress, s, satisfies teff = s cos(f) [62, 97]. Although s is 
very inhomogeneous, we know that it is simply proportional to H at every point. We 
can then write, 
  (4.1) 
where H* and S are fitting parameters.  
Separate fits of Equation 4.1 to the hardness data at 2.5 mN on the (0001) face 
between f = 0-60° and f = 60-120° are shown in Figure 4.19 and return S = 0.51, and 
H* = 2.7 or 2.8 GPa, respectively.  
  
H = H *−S cos(φ),
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Figure 4.19: Plot comparing hardness on the (0001) and 1014  faces as a function of 
f. H(f) on (0001) is well described by a simple form relating the twin directions to the 
indenter geometry (Fit of Eq. 4.1 to the data shown). H ≠ f(f) on the 1014  face; 
average value shown. In the absence of twinning the hardness is independent of both 
face and azimuth.  
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The hardness data at 2.5 mN on the 1014  face are also reproduced in Fig. 4.19. 
Since there are no orientations with extensive {1018} twinning on this face, we simply 
represent those data with a horizontal line at the average hardness value of 2.5 GPa. 
The fits to the (0001) hardness data intersect the constant 1014  hardness at f = 60°. 
Hence, we conclude that, at 2.5 mN, calcite has a hardness of 2.5 ± 0.07 GPa, that is 
independent of orientation and mostly determined by deformation on the {1014} and {1012} slip systems, except for “special” indenter/crystal orientations where slip on {1018} planes is facilitated.  
4.4.5. A comment on the indentation modulus 
The measured indentation modulus is ~23% higher on the 1014  face (86 +/- 2 GPa) 
than on the (0001) face (70 +/-2 GPa at f = 60˚). In general, the indentation modulus 
for contact between a Berkovich diamond and an anisotropic single crystal is some 
complicated and unknown function of the elastic constants [65]. For comparison, we 
calculated Young’s modulus as a function of orientation (see Appendix, Section 4.8 
for details) using reported elastic constants for calcite [98]. Interestingly, the 
calculated Young modulus perpendicular to {1014} planes (53 GPa) is actually ~9% 
lower than that perpendicular to (0001) (58 GPa). Although this may seem 
counterintuitive, the indentation modulus is determined by deformation in all 
directions in the crystal and the model by Vlassak, et al., shows that the indentation 
modulus does not necessarily scale with the Young modulus, especially for highly 
anisotropic crystals [65]—and calcite is certainly anisotropic; the Poisson ratio is even 
negative in certain crystal directions close to the normal to {1014} [99]. This 
illustrates that Young’s modulus is not a good surrogate for the indentation modulus. 
Indeed, the indentation moduli are much closer to the average of Young’s modulus 
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over all directions, which is 74 GPa. (Note that the Young moduli normal to both {1014} and (0001) are much lower than the maximum value in calcite, 144 GPa.)  
4.4.6. Interpreting the calcite hardness literature 
As discussed in the introduction, after the ISE is accounted for, a consistent ~1 GPa 
range in reported hardness at any given load or depth remains (Fig. 4.3). Our present 
results (Fig. 4.19) suggest that, at least for a Berkovich indenter at relatively low 
loads, anisotropy accounts for only a small fraction (0.3 GPa, ~33%) of the remaining 
variation. The reasoning above suggests that variations will be even smaller for 
Vickers or Knoop indenter geometries. What then, accounts for the remaining 
variations beyond the ISE in Fig. 4.3? Three obvious choices are additional 
experimental variables, fracture, and experimental errors.  
We have made the assumption, based on the descriptions in the published papers, 
that the material in the studies compiled in Fig. 4.3 is consistently pure, defect-free 
calcite. Additional variables such as temperature and load rate are well known to 
affect hardness results, but all the tests in Fig. 4.3 were performed at room 
temperature, and while load rates are rarely recorded, we presume that common 
experimental rates were used. As described above, fracture occurs during indentation 
of brittle materials above a threshold load. It is conceivable that fracture generates 
additional hardness anisotropy, but this topic is beyond the scope of the present paper. 
Finally, it is well-known that indentation results are prone to errors [100]. For imaging 
tests (e.g. Vickers, Knoop), accurate measurement of the residual indentation area 
becomes more difficult as indentation size decreases since the resolution of the 
imaging system is constant. For depth-sensing nanoindentation tests, a variety of 
calibration errors (tip shape and machine compliance) [100], as well as additional 
compliance in the sample mount (as shown in Chapter 5), can play a significant role. 
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With these points in mind, we can speculate about the quality of the data Fig. 4.3. 
While we may not know the sources of errors in those studies, there is at least enough 
data that potential outliers can be identified. 
4.5. SUMMARY AND CONCLUSIONS 
Published values for the hardness of single-crystal calcite are widely scattered, for 
both pure and defect free crystals (1–4 GPa) and for biogenic or synthetic crystals with 
occlusions known to strengthen the material (2–7 GPa). As a result, it has been 
difficult to make quantitative statements about the strength of calcite or of the 
effectiveness of possible strengthening mechanisms. By plotting the results of 42 
studies reporting the hardness of pure, defect free calcite as a function of the load used 
in those studies, we are able to show that the majority of the scatter in those data can 
be explained by the indentation size effect. These data provide a “master curve” for 
the hardness of calcite varies from about 3.5 GPa at 0.2 mN indentation load to about 
1 GPa at 4900 mN indentation load.  
We hypothesized that the remaining 1 GPa of variation at any given load in this 
literature might be due to anisotropy effects, as calcite is very anisotropic and 
orientation in hardness tests is only rarely controlled or reported. We conducted 
nanoindentation tests as a function of azimuthal angle f on both (1014) and (0001) 
faces at various loads using both Berkovich and cube corner tips and found that the 
nominal hardness and indentation modulus vary significantly with f on the (0001) face 
but that there was no f dependence on the (1014) face. Careful examination of the 
surface topography both post facto and in-situ during indentation, along with an 
analysis of the geometry and available slip systems allowed us to conclude that there 
are particular orientations on the (0001) face where {1018} twinning is facilitated, 
leading to lower hardness, pileup, and cracking. When corrected for pileup effects, the 
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variations in hardness with f are even larger, but the variations in the indentation 
modulus are eliminated. At f angles where twinning does not occur on the (0001) 
face, the hardness is the same as that measured at any f on the (1014) face, where 
twinning was never observed. Thus, despite a high degree of anisotropy, careful 
attention to experimental detail gives a nanoindentation (Meyer) hardness for calcite at 
2.5 mN load of 2.5 ± 0.07 GPa, independent of orientation, outside the range of 
azimuthal angles where twins form. 
The indentation modulus on the (1014) face (86 +/-2 GPa) is 23% higher than 
that on the (0001) face at angles where twins do not appear (70 +/- 2 GPa), but 
Young’s modulus values calculated from elastic constants are lower on the (1014) 
face (53 GPa) than on the (0001) face (58 GPa), indicating that the indentation 
modulus is not a good surrogate for the Young modulus. The largest Young’s modulus 
(144 GPa) is much higher than either of these calculated values. 
Our measured anisotropy effect accounts for only about a third of the reported 
scatter that remains in the published calcite hardness data once the indentation size 
effect is taken into account. We thus conclude that the remaining variations are due to 
experimental error, or unreported differences in testing conditions or sample quality. 
Careful experimentation, using the master curve to account for the effects of load 
(ISE), and paying attention to changes in deformation mechanism (twinning) should 
allow researchers to make much more quantitative analysis based on calcite hardness 
data. 
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4.8. APPENDIX: YOUNG’S MODULUS CALCULATIONS 
Calcite has trigonal crystal symmetry and thus 6 independent elastic constants, which 
have been determined both experimentally [98], and by theoretical calculations [102]. 
We here calculate the anisotropic Young modulus as a function orientation using 
Hooke’s law in tensor form [103]. To our knowledge, this calculation has not been 
correctly reported for calcite (in a recent study, hexagonal symmetry was incorrectly 
assumed [104]). 
Young’s modulus of a single crystal in a direction x1’ is just the inverse of the 
compliance in that direction [103]. That is: 
 , (4.2) 
where E(x1’) is Young’s modulus in the x1’ direction and S11’ is the compliance in that 
same direction. The orthogonal coordinate system in which calcite elastic constants 
are typically reported has x1 parallel to one of the a-axes, x3 parallel to [0001], and x2 
such that a right-handed system is formed [98]. To calculate E(x1’), we transform the 
compliance tensor from the crystal coordinate system to a new coordinate system 
containing x1’ by rotating the original coordinate system about x3 by an angle α and 
then about the new x2’ by an angle β (as in, e.g., [105]). Thus, any direction x1’ in the 
crystal can be defined with respect to an a-axis by the angles α and β. 
Using the stiffness constants (Cij) reported by Chen, et al. [98], we first invert the 
stiffness tensor to determine the compliance constants (Sij), then transform the 
compliance tensor through every combination of the rotation angles α (from 0-360 
degrees) and β (from 0-180 degrees), in 1 degree increments using functions built into 
the Mathematica software (Wolfram Research) (results verified at several directions 
using analytical expressions derived by Nye [103] and Ting [106]). The values of 
Young’s modulus calculated using Eq. 4.2 are plotted as a 3D surface in x1, x2, x3 
E(x1 ') =1/ S11 '
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coordinates in Figure 4.20 where the radial distance between the origin and this 
surface represents the magnitude of E(x1’) in that direction.  
The stiffest directions in uniaxial loading occur at α = 30º, 60º, and 120º in the +x3 
domain and at α = -30º, -60º, and -120º in the -x3 domain. A cross section from Fig. 
4.21 showing the x1’-x3 plane at α = 30º is shown in Figure 4.21. The maximum 
(144 GPa) and minimum (52 GPa) values of the Young modulus of calcite are 
contained in this plane at β = -23º and β = +40º, respectively. For comparison, the 
directions normal to {1012} and {1014} planes also lie in this plane at β = -27º and 
β = +45º, having 141 and 53 GPa, respectively. Thus, directions normal to the {1014} 
facets are very close to the direction of the lowest Young’s modulus in calcite. By 
comparison, the Young’s modulus normal to (0001) is also relatively low, at 58 GPa. 
The average over all directions is 74 GPa. 
A compilation of literature values for the elastic constants in calcite by Zhao [102] 
shows that the reported values vary by up to ~30% between studies. However, the 
general trend (i.e., the ratios between different elastic constants in any one report) is 
fairly consistent. Thus, we expect that the form of Young’s modulus with orientation 
should be very close to that shown in Fig’s 4.20 and 4.21, although the magnitudes 
may vary slightly. We chose the constants reported by Chen, et al. because they are 
close to the mean values (averaged across studies). 
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Figure 4.20: 3D plot of Young’s modulus. a and b are polar coordinates used in 
calculations: a is the angle between x1 and x1’ for clockwise rotations about the -x3 
axis. b is the angle between x1’ and x1” for subsequent clockwise rotations about the −x2’ axis. 
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Figure 4.21: Cross section of the 3D Young’s modulus plot in Fig. 4.20 at α = 30º. 
The maximum and minimum moduli are contained in this plane (i.e., 144 GPa at 
β = −23º and 52 GPa at β = +40º. 
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Measuring the elastic modulus and hardness of particles 
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ABSTRACT 
The standard method used to calculate hardness and modulus from an instrumented 
indentation requires that the sample is large and homogeneous, but many interesting 
samples do not fit these criteria. Here, we focus on the case of a small particle 
embedded in a dissimilar matrix. Previous simulations have shown that measurement 
of such a particle is affected by the matrix material. Experimental methods to account 
for this effect have been limited, and one existing method requires that the sample 
material has hardness that is independent of the indentation size. However, for most 
materials, the hardness does depend on indentation size, often referred to as the 
indentation size effect (ISE). We suggest a new correction method that does not 
require that the sample has no ISE. In this new method, the initial error associated with 
the correction is eliminated through the analysis of an iterative series of plots of the 
data generated from the instrumented indentation. The efficacy of this method is 
demonstrated through corrected experimental measurements on small embedded 
particles of calcite, a material that has been demonstrated to show ISE. These 
corrected measurements closely match measurements on a bulk calcite control sample, 
proving that the proposed method can work.    
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5.1. INTRODUCTION 
Instrumented indentation techniques, such as nanoindentation, can accurately measure 
indenter loads and displacements during the indentation, usually in order to calculate 
the mechanical properties of the sample being indented. To determine the hardness 
and modulus of the sample, the load-displacement data are often analyzed using the 
method developed by Oliver & Pharr [1, 2]. This method allows the indentation 
contact compliance and contact area (and, in turn, the indentation modulus and 
hardness) to be calculated directly from the measured indenter loads and 
displacements that have been generated from a properly-calibrated indenter machine. 
However, the fundamental equations governing this analysis assume that the sample 
being indented is an elastically homogeneous, semi-infinite half-space [3]—a 
condition that is clearly not met in real experiments. Nonetheless, application of the 
Oliver-Pharr analysis is reasonably accurate when a small indentation is made on a 
large, homogeneous sample—such that the effect of the finite geometry of the sample 
can be ignored. However, when measuring small volumes of material, sometimes the 
minimum experimentally-practical indentation size is large enough effect of the elastic 
heterogeneities at the sample boundaries cannot be ignored. 
One of the most widely studied examples of the effect of an elastic heterogeneity 
on an instrumented indentation is the case of a thin film on a dissimilar substrate. A 
number of models have been developed that describe the transition from measuring 
the properties of the film to that of the substrate, which occurs with increasing 
displacement of the indenter into the surface of the film [4-9]. Implicit to these models 
is the assumption that the only heterogeneous boundary is a horizontal one between 
the film and substrate, i.e., that the lateral extent of the film is large with respect to the 
indentation size. Inspired by the interesting mechanical properties of small grains of 
natural minerals like calcite, here we are interested in the more general case where the 
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material of interest may be near both horizontal and vertical elastic boundaries. 
Specifically, we are interested in the extreme case where such boundaries are nearby 
on all sides, which we will refer to as an embedded particle. For the mineral calcite, 
this situation exists for (often micrometer-sized) crystals that are naturally embedded 
in biogenic composites like the teeth and shells of marine organisms [10-14], or 
naturally embedded as one of the many possible mineral constituents that make up 
sedimentary rocks like limestone and shale [15, 16]. Synthetically, a similar situation 
exists because lab-grown calcite crystals need to be embedded in some mounting 
material prior to indentation testing, in order to properly-orient a suitably flat and 
smooth surface, or to create such a surface by polishing [17-23]. In any case, 
indentation measurement of these kinds of embedded particles is expected to be 
significantly affected by the surrounding matrix material for large enough indentation 
size, though any possible effect has been ignored in many experiments. 
The effect of a dissimilar matrix on the nanoindentation measurement of a particle 
has been studied theoretically using finite element simulations (FEA) [24-29]. 
Generally, these studies show that the measured hardness and modulus is some 
combination of the properties of the particle and the matrix. Experimental techniques 
to correct for this effect are limited, and generally rely on simply making small enough 
indentations that the effect of the matrix is minimal. Jakes, et al. [30, 31] have 
determined that the effect of some other types of elastic heterogeneities can be 
described by some constant additional compliance that does not depend on indentation 
size. In this case, the problem becomes simplified, and more robust solutions can be 
developed. However, the experimental methods suggested by Jakes, et al. have some 
shortcomings, for example, either requiring that multiple indentation on the same 
sample be made, or requiring that the hardness of the sample does not depend on 
 135 
indentation depth. Either of these requirements are not suitable for many types of 
samples, including the embedded particles we are interested in here. 
Here we analyze the effect of dissimilar matrix material surrounding an indented 
particle on the calculation of indentation contact compliance and contact area by the 
usual Oliver and Pharr method. We express the difference between the actual 
measured values and those that would be expected for a large and homogeneous 
sample in terms of an additional “matrix compliance” that is due to dissimilar elastic 
displacements occurring within the matrix material. We note that this matrix 
compliance may be nearly constant over some range of indentation sizes, and can thus 
be treated in a similar way as the elastic heterogeneities considered by Jakes, et al. 
Building upon the correction method proposed by Jakes, et al., we suggest an 
improved method that does not require multiple indentations or hardness to be 
constant with depth.  
5.2. THE STANDARD ANALYSIS, AND NEW CORRECTIONS 
5.2.1. The standard analysis 
In an indentation experiment, a load 𝑃 is applied to an indenter, forcing it into the 
sample a displacement ℎ; and creating a residual indentation on the sample surface. 
The Meyer hardness 𝐻 of the sample is defined as 
 𝐻 = }Bz , (5.1) 
where 𝐴( is the contact area of the residual indentation projected into the surface 
plane. In an instrumented indentation, the load 𝑃 and total displacement of the 
indenter ℎ are measured continuously, and the 𝑃-ℎ data are subsequently analyzed to 
determine 𝐴(, and therefore 𝐻 and other quantities. In the standard method developed 
by Oliver and Pharr [1, 2] it is assumed that the deformation on unloading is fully 
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elastic and the compliances of the indenter and the sample material sum such that a 
“reduced modulus” 𝐸r can be defined for a homogeneous isotropic material as 
 Nst = Nlu_Zs_ + NluvZsv  . (5.2) 
where 𝐸 is Young’s modulus and 𝑣 is Poisson’s ratio and the subscripts 𝑠 and 𝑖 refer 
to the sample and indenter, respectively.  
Assuming further that the contact on unloading can be modeled using Sneddon’s 
solutions for an elastic contact between a flat punch and an isotropic, homogeneous, 
semi-infinite half-space [3], 𝐸r is related to the contact compliance on unloading, 𝐶( = 𝑑ℎ;/𝑑𝑃, and 𝐴( by 
 𝐸r = yOez Bz . (5.3) 
Hence, by determination of 𝐶( and 𝐴( from 𝑃-ℎ data, both 𝐻 and 𝐸r can be calculated 
using Equations 5.1 and 5.3, respectively. If 𝐸I and 𝑣I are known, then one can solve 
for the plane strain modulus of the sample, 𝐸;/(1 − 𝑣;O), from  
 s_Nlu_Z = Nst − NluvZsv lN . (5.4) 
Here, we will simply refer to this quantity as the “indentation modulus.” 
Oliver and Pharr showed that the total elastic compliance of the indentation, 𝐶 =𝑑ℎ/𝑑𝑃, can be determined using either quasi-static or dynamic indentation methods 
[1, 2]. For a quasi-static indentation, 𝐶 is just the inverse of the slope of the unloading 
data, and for a dynamic indentation, 𝐶 can be calculated from the amplitude of the 
load and displacement signals. A dynamic measurement has the added benefit of 
measuring 𝐶 across a range of ℎ from a single indentation.  
In either case, 𝐶 includes components from both the elastic deformation of the 
sample and the elastic flexing of the components that make up the indenter machine. 
Since these compliances are in series, we write: 
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 𝐶 = 𝐶( + 𝐶> , (5.5) 
where 𝐶> is the machine compliance. Combining equations 5.3 and 5.5 yields: 
 𝐶 = yOst Bz 	+ 𝐶> . (5.6) 
Thus, a plot of 𝐶 vs. 1/ 𝐴( should be a straight line with slope equal 𝜋/2𝐸r, and y-
intercept equal 𝐶> [4]. Making such a plot from experimentally determined 𝐶 and 𝐴( 
is one way to calculate 𝐶>. 𝐶> is usually considered to be a calibration constant of the 
machine, and is subtracted from all future measurements. Thus, it follows that a plot of 𝐶 − 𝐶> vs. 1/ 𝐴( from measurements made on any sample that meets the 
assumptions of the Oliver and Pharr method, should reveal a straight line with slope 
equal 𝜋/2𝐸r, and zero y-intercept.  
The contact compliance, 𝐶(, can be found using Eq. 5.5. To find 𝐴(, we first 
determine the contact depth ℎ(, which is the depth along the indenter axis to which the 
indenter is in contact with the sample (see Figure 5.1a). Building upon Sneddon’s 
solution for the shape of the surface outside the area of contact of a conical indenter 
[3], Oliver and Pharr [1] have shown that the contact depth, ℎ(, is given by: 
 ℎ( = ℎ; − 𝜀𝑃𝐶( , (5.7) 
where 𝜀 is a constant related to the indenter geometry (e.g., 𝜀 = 0.75 for a Berkovich 
indenter). Since 
 ℎ; = ℎ − 𝑃𝐶> , (5.8) 
and incorporating Eq. 5.6, we have 
 ℎ( = ℎ − 𝑃(𝐶> + 𝜀𝐶() , (5.9) 𝐴( is then determined from the calibrated “area function,” 𝐴( = 𝑓(ℎ(), for the 
particular indenter tip used [1, 2]. 
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Figure 5.1: Schematics showing an indentation into a) a “semi-infinite” half-space of 
homogeneous material, and b) a particle surrounded by a dissimilar matrix material. 
Note, indentation size is exaggerated for clarity.  
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In summary, given accurate calibration values for the area function and 𝐶>, 𝐶( and 𝐴(, and thus 𝐻 and 𝐸;/(1 − 𝑣;O), can be calculated directly from measured indentation 
load-displacement data. A significant advantage of this method is that it obviates the 
need for imaging indentations so that mechanical properties can be obtained quickly 
and from indentations that would be otherwise too small to study efficiently, as in 
nanoindentation. 
5.2.2. Indentation of particles in dissimilar matrices 
There are many cases where it is desirable to study the mechanical properties of a 
small particle embedded in a dissimilar matrix. For example, one might want to obtain 
the mechanical properties of the individual constituents of a microscale composite [10-
16]. Alternatively, one might want to measure the mechanical properties of particles 
that are only available in microscopic sizes. A convenient way to accomplish this is to 
embed the particles in a matrix material, polish down to the particles and indent them. 
For example, this technique has been used to prepare synthetic calcite crystals for 
indentation measurement [17-23]. 
However, in such cases, the assumption of an isotropic, homogeneous, elastic half 
space required by the Oliver-Pharr method [1, 2] may not be valid. Consider the case 
where a self-similar indenter is used to make an indentation with contact diameter 𝐴( near the center of a small, roughly equiaxed, particle of diameter D embedded in 
a dissimilar matrix material as shown in Figure 5.1b. For a small enough indentation 
( 𝐴( ≪ 𝐷), the stresses, and therefore displacements, at the particle boundary will be 
small and the reduced modulus (Eq. 5.3) includes the properties of the indenter tip and 
the particle (subscript s refers to the particle in Eq. 5.2). We refer to this as 𝐸r,h. For a 
large enough indentation (≫ 𝐷), the particle becomes a small defect on the indenter 
and the reduced modulus includes the properties of the indenter tip and the matrix. We 
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refer to this as 𝐸r,ABC (subscript 𝑠 refers to the matrix in Eq. 5.2). At intermediate 
indentation sizes, the analysis is expected to return values that represent some 
convolution of particle and matrix properties.   
We derive a simple formulation for the nominal contact compliance returned by 
the Oliver and Pharr analysis, 𝐶 − 𝐶> (from Eq. 5.5), using dimensional analysis. 
Assuming that the form of the Sneddon solution applies throughout, we could, in 
general, write 
 𝐶 − 𝐶> = yOst,` Bz 𝑓( Bz , st,`st,) , (5.10) 
but we do not know the form of the function 𝑓. Instead, we construct a solution in 
parts. For 𝐴( ≫ 𝐷 the solution is simply  
 𝐶 − 𝐶> = yOst, Bz (5.11) 
This is shown in Figure 5.2, where, in accordance with Eq. 5.6, we show a schematic 
plot of the nominal contact compliance, 𝐶 − 𝐶> vs. 1/ 𝐴( for the case of a stiff 
particle in a compliant matrix. At large 𝐴(, the data follow a line with slope 𝜋 2𝐸r,ABC. For 𝐴( < 𝐷 we consider that the indenter indents the particle while the 
particle indents the matrix. These occur in series so we can write 
 𝐶 − 𝐶> = yOst,` Bz + NOst, 𝑔 st,`st,  , (5.12) 
where we again assume that the contact between the particle and the matrix follows 
the form of the Sneddon solution. We again don’t know the form of the function 𝑔, but 
we have assumed that it is independent of load. This is equivalent to assuming that 
there is a load range where the magnitude but not the form of the distribution of 
stresses along the particle/matrix interface varies with load. In this case, the second 
term on the right hand side of Eq. 5.12 is a constant and can be treated as an additional 
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linear compliance 𝐶ABC, which we call “matrix compliance”. The total measured 
compliance 𝐶 then becomes 
 𝐶 = 𝐶( + 𝐶> + 𝐶ABC , (5.13) 
so 
 𝐶 − 𝐶> = yOst,` Bz + 𝐶ABC . (5.14) 
This can be seen at smaller values of 𝐴( in Fig. 5.2, where data plotted as 𝐶 − 𝐶> vs. 1/ 𝐴( fall on a straight line with an intercept of 𝐶ABC. Finally, between the regions 
represented by Eq’s 5.11 and 5.12 (i.e., where 𝐴( ≈ 𝐷), we expect there must be 
some smooth transition, which we represent by a dotted line in Fig. 5.2. 
The key conclusion of our dimensional analysis is that, to the extent that there is a 
load range where 𝐶ABC can be treated as constant, then a plot of 𝐶 − 𝐶> vs. 1/ 𝐴( 
should be linear, with intercept 𝐶ABC. If it were possible to obtain 𝐴( and 𝐶 from the 𝑃–ℎ data, then with knowledge of 𝐶>, such a plot would make it possible to determine 𝐶ABC and thus the correct contact compliance, 𝐶(, from Eq. 5.11.  This would then 
make it possible to obtain 𝐻 and 𝐸;/(1 − 𝑣;O) for the particle using Equations 5.1, 5.3 
and 5.4.  
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Figure 5.2: Schematic illustrating possible behavior of compliance versus the 
reciprocal square root of contact area over a large range of contact areas. The dashed 
lines labeled “stiff particle” and “compliant matrix” represent the expected bounds of 
the function. The solid line labeled “measurement” illustrates the interpretation 
discussed in Section 5.2.2. Note that the solid line is approximately linear below small 
enough contact areas. 
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Unfortunately, this is not the case. For nonzero 𝐶ABC, Eq. 5.8 becomes: 
 ℎ; = ℎ − 𝑃𝐶> − 𝑃𝐶ABC . (5.15) 
If an attempt is made to find 𝐶( based on Eq. 5.5 (that is by neglecting 𝐶ABC), an 
incorrect value, ℎ(′, (primed symbols in the following indicate false calculated values) 
for the contact depth will be calculated. The value will be 
 ℎ(′ = ℎ( + 1 − 𝜀 𝑃𝐶ABC . (5.16) 
If the actual contact area, hardness, and reduced modulus are 𝐴(, 𝐻, and 𝐸r, 
respectively, and we assume a simple self-similar tip shape given by  
 𝐴( = 𝑘ℎ(O , (5.17) 
where 𝑘 is a geometric constant (e.g., 𝑘 = 24.5 for a Berkovich indenter), neglecting 𝐶ABC yields false uncorrected values for these quantities given by:  
 𝐴(′ = 𝐴( 1 + yO 𝑘 1 − 𝜀 estez  , (5.18) 
 𝐻′ = N Z K Nl XtXz Z , (5.19) 
and 
 𝐸r′ = stNXXz N Z K Nl XtXz  , (5.20) 
respectively. 
The error in the uncorrected values increases with increasing 𝐶ABC, and for some 
constant 𝐶ABC, increases with decreasing 𝐶(. Since 𝐶( decreases with increasing 𝐴( 
(Eq. 5.3), the error in these values should increase with increasing 𝐴(. Hence, as 
expected, shallower indentations should be less affected by 𝐶ABC. But, to avoid such 
errors altogether, we consider ways in which to determine 𝐶ABC, and subtract it from 
measured displacements. 
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5.2.3. The correction method 
Based on the above, we find ourselves in the situation where, if we had 𝐴( we could 
calculate 𝐶ABC and obtain the properties of the particle, but, following conventional 
methods, 𝐶ABC is needed to calculate 𝐴(. Jakes et al. [31] suggested two solutions to 
this problem: 1. Make multiple indentations, each to a different maximum load, and 
measure 𝐴( directly in a second imaging step. Or, 2. Assume 𝐻 does not depend on 𝐴(, and use a similar plot (that they call a “SYS plot”) to calculate  [33, 34]. The 
first suggestion is not practical for small embedded particles both because there may 
not be enough room on the particle’s surface to make multiple indents and because 𝐶ABC may not be the same in each location on the particle’s surface. The second 
suggestion is also not ideal, because of an assumption inherent to the derivation of the 
SYS plot.   
In short, the derivation of the SYS plot (in terms of our variable names) is to start 
with Equation 5.14, replace 𝐴( with 𝑃/𝐻, and to rearrange the equation such that it 
becomes clear that a plot of 𝐶 𝑃 vs. 𝑃 will yield a straight line with slope equal 𝐶> + 𝐶ABC, a quantity that could be subtracted from 𝐶 to determine 𝐶>. However, in 
order to replace 𝐴( with 𝑃/𝐻 in this way, it must be true that 𝐻 does not depend on 𝐴(. This is a troubling assumption to make, since the point of the measurement is 
typically to obtain 𝐻, and, for most materials, 𝐻 does depend on 𝐴(—a phenomenon 
generally referred to as the “Indentation Size Effect” [35]. Here, we suggest an 
alternative approach that doesn’t require imaging or assumptions about hardness, 
instead we simply calculate 𝐴(′ (Eq. 5.18) and use this value to obtain a first estimate 
of the matrix compliance	𝐶ABC′. We then use this value to obtain an improved value 
for the contact area,	𝐴(′′. Further iterations may be made when possible and as 
necessary to obtain more accurate values. 
Cc
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From this data, a plot of 𝐶 − 𝐶> vs. 1/ 𝐴(′ would be similar to the desired plot of 𝐶 − 𝐶> vs. 1/ 𝐴(	, but shifted along the x-axis by some amount 1/ 𝐴(′ − 1/ 𝐴(	. 
Thus, the y-intercept of this plot will also be shifted away from 𝐶ABC, instead taking 
on some other value that we will call 	𝐶ABC′. It could be true that this initial 	𝐶ABC′ is 
close enough to 	𝐶ABC that the difference is negligible. In any case, so long as the 
magnitude of this difference is less than the magnitude of the actual 	𝐶ABC, then 𝐶 −𝐶> − 𝐶ABC′ will at least be closer to 𝐶(, than is 𝐶 − 𝐶>. Hence, a new plot of 𝐶 −𝐶> − 𝐶ABC′ vs. 1/ 𝐴(′′  could be generated (where 𝐴(′′ is calculated like 𝐴(′, but 
using 𝐶 − 𝐶> − 𝐶ABC′ instead of 𝐶 − 𝐶>). As such, an iterative series of plots like 𝐶 − 𝐶> − 𝐶ABC′ vs. 1/ 𝐴(′′ (where the previous sum 𝐶 − 𝐶> − 𝐶ABC′ is always 
used to calculate 𝐴(′′) should eventually converge to a plot with zero y-intercept—and 
the total value of 𝐶ABC′ over all iterations would be the actual value of 𝐶ABC. The 
number of iterations necessary to converge upon this solution should be related to the 
magnitude of 𝐴( /𝐴(, and for 𝐴( /𝐴( close enough to unity, we expect the plot might 
converge in very few iterations. 
In detail, we propose the following method to calculate 𝐶ABC: 
1.  Obtain 𝑃–ℎ data from either a single dynamic indentation or a number of 
quasi-static indentations at different maximum loads near the center of a 
particle embedded in a matrix as shown in Fig. 5.1b.  
2.  Use 𝐶(′ = 𝐶 − 𝐶>, along with the tip shape function, to calculate ℎ(′ and 𝐴(′, 
for a range of ℎ and 𝐴(.  
3.  Plot 𝐶(′ vs. 1/ 𝐴(′ and fit a straight line to the data. If the fit is good, we 
assume that we are on that portion of the curve in Fig. 5.2 where 𝐶ABC is 
constant. The y-intercept gives our first estimate of the matrix compliance, 𝐶ABC′. 
 146 
4.  Now use Eq. 5.13 (using 𝐶ABC′ in place of 𝐶ABC), along with the tip shape 
function, to calculate a new contact area 𝐴(′′ as before, but now using 𝐶(′′ =𝐶 − 𝐶> − 𝐶ABC′. 
5.  Plot 𝐶(′′ vs.	1/ 𝐴(′′, fit a straight line to the data and calculate the new y-
intercept (the new 𝐶ABC′). If the new y-intercept is closer to zero than the 
previous one, then further iterations can be expected to converge to an 
intercept of zero. The sum of the intercepts converges to the actual 𝐶ABC. That 
is 𝐶ABC = 𝐶ABC′ (see below).  
6.  If 𝐶ABC′ from step 5 is not close to zero, then repeat steps 4 and 5, using 𝐶(′′′ = 𝐶 − 𝐶> − 𝐶ABC′. Otherwise, 
7.  Assume 𝐶ABC equal to 𝐶ABC′, calculate 𝐶( from 𝐶 − 𝐶> − 𝐶ABC, and then 𝐻 and 𝐸;/(1 − 𝑣;O) can be calculated for the particle as above. 
This method is based on only two assumptions: (1) that 𝐶ABC is constant over the 
range of 𝐴( measured, and (2) that the calculation of 𝐶ABC′ converges to 𝐶ABC over 
some number of iterations. The experiments and results in the following sections will 
test the accuracy of this method on small crystals of the mineral calcite embedded in 
relatively compliant matrices.  
5.3. EXPERIMENTS AND RESULTS 
To test the efficacy of the proposed method, indentations were made in small (≈ 50 
µm) calcite crystals embedded in more compliant matrices. Two systems were studied: 
synthetic crystals embedded in cyanoacrylate glue, and geologic calcite inclusions in a 
concretionary mudstone, a type of shale with high organic content. As a reference, 
identical indentations were made in a bulk single crystal of Iceland spar, a very high 
quality calcite of geologic origin. Indentations were performed using a commercially 
available nanoindenter (TI-900, Hysitron Inc. Minneapolis, MN) equipped with a 
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Berkovich diamond tip. Prior to these experiments, the tip area function and machine 
compliance were calibrated using a standard fused silica sample, as in the Oliver-Pharr 
method [1, 2]. In Chapter 4, we showed that there is an indentation size effect (ISE) in 
calcite that can be well described by a “master” curve of hardness versus indentation 
depth, created by fitting extensive literature data collected at a wide range of loads. 
The hardness results obtained here are compared with that master curve. 
5.3.1. Bulk geologic calcite 
In preparation for indentation, a single crystal geologic (Iceland spar) calcite was 
cleaved along its natural {1014} cleavage planes into a rhombohedron approximately 
1 cm on each side. By using the indenter tip as a scanning force probe, the surface 
roughness over a 10 µm scan on an exposed (1014) facet was measured to be less 
than 10 nm RMS.  
The crystal was then indented using a dynamic loading function. The mean applied 
load was increased in 15 discrete load steps from 2.5-10 mN over the course of 60 
seconds. In addition, a small sinusoidal loading at 100 Hz was applied with the 
amplitude varied so as to maintain a dynamic displacement of approximately 3 nm. 
The crystal was indented 5 times at each of 8 different azimuthal orientations, for a 
total of 40 indentations. Despite the general mechanical anisotropy of calcite, the 
difference in the average measured modulus and hardness between these different 
orientations on the (10-14) face was within the standard deviation of the 
measurements at a single orientation on this face (Chapter 4). The resulting data were 
analyzed using the methods described in Section 5.2. Hardness and indentation 
modulus data are shown as a function of indenter displacement in Figure 5.3a and a 
plot of 𝐶 − 𝐶> vs. 1/ 𝐴( is shown in Figure 5.3b. As expected, the uncorrected 
indentation modulus is constant with displacement, and a fit of a line to the of 𝐶 − 𝐶> 
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vs. 1/ 𝐴( is excellent with a negligibly small y-intercept (zero to two significant 
figures). Also, the uncorrected hardness decreases slightly between the minimum and 
maximum applied load, consistent with the expected ISE. The calculated values of 𝐻 
and 𝐸;/(1 − 𝑣;O) at the minimum and maximum indentation depths, averaged over all 
40 indentations, are tabulated in Table 5.1.   
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Figure 5.3: Data from a representative dynamic indentation onto the (1014) face of a 
~1 cm equiaxed rhombohedron of geologic calcite (Iceland spar). a) Measured 
indentation modulus and hardness as a function of indenter displacement into the 
sample, ℎ; = ℎ − 𝑃𝐶>. The black dotted line shows the average indentation modulus 
measured on (1014) geologic calcite, and the blue dashed line shows the fit to 
literature hardness data from Chapter 4. b) Plot of 𝐶 − 𝐶> vs. 	1/ 𝐴( with linear fit. 
These plots show the expected behavior for indentations in calcite.  
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Table 5.1: The average indentation modulus and hardness at each 2.5 mN and 10 mN 
load from dynamic indentations in bulk geologic calcite (Iceland spar), small synthetic 
calcite embedded in a cyanoacrylate matrix, and small grains of calcite within an 
organic-rich shale rock (a concretionary mudstone).  
 
 Bulk geologic calcite 1014  face Small synthetic calcite grains in cyanoacrylate matrix  
(random orientations) 
Small calcite grains 
in organic-rich shale 
(random orientations) 
 2.5 mN 10 mN 2.5 mN 10 mN 2.5 mN 10 mN 
Modulus 
before 
correction 
(GPa) 
87  
+/- 1.7 
88  
+/- 1.7 
56  
+/- 4.5 
40  
+/- 4.7 
80 
+/-5 
72 
+/- 4.0 
Hardness 
before 
correction 
(GPa) 
2.5  
+/- 0.1 
2.4  
+/- 0.1 
2.4  
+/- 0.2 
2.2  
+/- 0.3 
2.6  
+/- 0.3 
2.3 
+/- 0.2 
Modulus 
after 
correction 
(GPa) 
N/A N/A 92  +/- 8.4 
93  
+/- 9.7 
85 
+/- 7.4 
86 
+/- 7.8 
Hardness 
after 
correction 
(GPa) 
N/A N/A 2.5  +/- 0.2 
2.4  
+/- 0.3 
2.6 
+/- 0.3 
2.3 
+/- 0.2 
Matrix 
compliance 
(nm/mN) 
0.0 +/- 0.0 5.7 +/- 1.1 1.0 +/- 0.6 
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5.3.2. Synthetic calcite crystals in cyanoacrylate embedding medium 
Synthetic calcite crystals were precipitated over the course of ≈ 12 hours onto a glass 
slide from an initially 15 mM CaCl2 solution that was supersaturated with CO2 gas 
sublimated from NH4CO3 powder, via the “Ammonium Diffusion Method” [36]. The 
resultant single crystals were, on average, equiaxed rhombohedra of about 50 µm 
along each edge. The crystals nucleated on the glass substrate at a range of 
orientations but, in all cases, a flat and smooth surface existed on the “bottom” facet of 
the crystal where it was attached to the glass.  
To prepare the crystals for nanoindentation, we followed the procedure illustrated 
in Figure 5.4. First, the glass slide (with crystals attached) was coated with a liquid 
cyanoacrylate-embedding medium (Fig. 5.4a). Next, the unsolidified cyanoacrylate 
was then “sandwiched” with a thin mylar sheet coated with resin containing aluminum 
oxide particles (“5 µm alumina lapping film” Allied Products, Rancho Dominguez, 
CA) (Fig. 5.4b). After solidification of the embedding medium, the mylar sheet was 
peeled off of the glass slide. Because of its roughness, the mylar sheet formed a strong 
mechanical bond to the embedding medium, and the medium delaminated from the 
smooth glass during peeling. The calcite crystals remained embedded, so we were left 
with crystals surrounded by a cyanoacrylate matrix exposing the flat and smooth 
surface where they grew on the glass slide (Fig. 5.4c). 
Indentations were made only on exposed surfaces of calcite crystals having 
rhombohedral geometry similar to that of a {1014} face of calcite, in an attempt to 
match the 1014  orientation of our geologic control. Surface scans made using the 
indenter tip as a scanning force probe showed a roughness of less than 10 nm RMS. 
As can be seen in Figure 5.5, the interface between a crystal and the surrounding 
embedding medium could easily be distinguished in the surface scans. 
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Figure 5.4: Method for preparing small synthetic crystals for nanoindentation: (a) 
Crystals grown on glass slide are embedded in cyanoacrylate to which an abrasive-
coated mylar sheet is attached. (b) The mylar sheet with attached particles and 
embedding medium is peeled from the glass. (c) The sample is turned over exposing 
smooth flat growth surfaces for nanoindentation. 
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Figure 5.5: Scanning force image created using the indenter tip as scanning force 
probe of a small synthetic calcite crystal embedded in a cyanoacrylate matrix. The 
boundary between a rhombohedral, seemingly {1014}, face of the crystal and the 
surrounding cyanoacrylate matrix as well as an indentation placed in the center of this 
crystal are visible. 
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Indentations using the dynamic loading scheme described above were made at the 
centers of 15 different crystals. The resulting data were analyzed using the methods 
described in Section 5.2. The results for a representative indent are shown in Figure 
5.6. Note that the uncorrected indentation modulus values decrease with increasing 
indenter displacement (Fig. 5.6a), and are below the average value measured on the 
bulk geologic control (dashed line) as expected due to the compliant matrix. Also note 
that both the uncorrected and corrected hardnesses decrease slightly between the 
minimum and maximum applied load, consistent with the expected ISE (Fig. 5.6b). A 
plot of 𝐶(′ vs. 1/ 𝐴(′ (Fig. 5.6c) is well described by a linear fit with a y-intercept of 
5.2 nm/mN, which represents the value of 𝐶ABC′. A linear fit to 𝐶(′′ vs.	1/ 𝐴(′′ (Fig. 
5.6d) is also good with a very small y-intercept (-0.2 nm/mN). Hence, we set 𝐶ABC 
equal to 𝐶ABC′ + 𝐶ABC′′ (no further iterations needed) and correct the measurement for 𝐶ABC. After correction, the calculated indentation modulus (Fig. 5.6a) and hardness 
(Fig. 5.6b) are both constant with displacement, and closely match the average values 
we measured for the bulk geologic sample. The calculated values of 𝐻, 𝐸;/(1 − 𝑣;O), 
and 𝐶ABC averaged over all 15 indentations are tabulated in Table 5.1.   
The cyanoacrylate embedding material surrounding the crystals was also indented 
using the dynamic loading function. The modulus and hardness did not vary 
significantly with depth and was on the order of 1 GPa and 100 MPa, respectively. 
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Figure 5.6: Data from a representative indentation onto a {1014} face of a ~50 µm 
equiaxed rhombohedron of synthetic calcite embedded in a cyanoacrylate matrix. Un-
corrected and corrected a) indentation modulus, and b) hardness, as a function indenter 
displacement. As in Fig. 5.3, the dotted black line shows the average indentation 
modulus on 1014  geologic calcite, and the blue dashed line shows the fit to 
literature hardness data from Chapter 4. After correction, the indentation modulus is 
constant with depth and closely matches the average value measured on the control (in 
contrast, hardness is not strongly affected by matrix compliance).  
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Figure 5.6 (cont.): c) Plot of 𝐶′ vs. 	1/ 𝐴(′. The data are well described by a linear fit 
with a y-intercept of 5.2 nm/mN, which we take to be an estimate of the matrix 
compliance, 𝐶ABC′. d) A new plot of 𝐶′′ vs. 	1/ 𝐴(′′ with linear fit. The y-intercept is 
now negligibly small, therefore we set 𝐶ABC = 𝐶ABC′ + 𝐶ABC′′ in order to make the 
corrections shown in parts a and b. 
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5.3.3. Calcite particles in shale rock 
A rock sample of a concretionary mudstone outcrop was obtained from a Marcellus 
shale quarry in Seneca Falls, NY. Concretionary mudstone is a heterogeneous 
composite material containing nanometer to micrometer-sized mineral grains and 
relatively compliant occluded organic material. This particular sample contained many 
calcite grains on the order of 50 µm across. A 1 cm cube was cut from the sample 
using a diamond saw, and the cut cube was embedded in Bakelite and mechanically 
polished using silicon carbide paper, down to 1 µm grit size, resulting in a roughness 
of approximately 1 µm RMS. Because of the extreme brittleness of certain 
heterogeneous constituents of the shale, a finer polish was not possible using 
conventional polishing methods. In order to achieve a roughness more suitable for 
nanoindentation, following Loucks, et al. [37], we milled the surfaces of our samples 
using an argon ion beam operated at 500-1000 V accelerating voltage and 70-80 mA 
of current for a total of 75 minutes. During milling, the sample was continuously 
rotated 360º azimuthally, and the angle of the beam was incrementally decreased from 
30º to 10º above parallel. The ion milling obtained an average surface roughness of 
≈ 100 nm RMS, with roughness as low as ≈ 30 nm RMS in calcite grains (as 
determined using indenter tip surface scans). 
The samples were then coated with ≈ 1 nm of Au-Pd in order to obtain a 
conductive surface for imaging in SEM. Grains of calcite were identified using SEM 
(Fig. 5.7a) and EDS, and their locations with respect to the sample boundaries were 
recorded. These same calcite grains were then located using the microscope in the 
nanoindenter, and their exact locations were verified using indenter tip surface scans 
(Fig. 5.7b). Dynamic load indentations were made at the centers of 20 of these grains. 
The resulting data were analyzed using the methods described in Section 5.2 and 
shown in Figure 5.8 and Table 5.1. 
 158 
The crystallographic orientation of the calcite grains in shale is unknown and may 
be completely random. Calcite is mechanically anisotropic so we can only expect our 
measurements of indentation modulus to fall within a range between its stiffest and 
most compliant orientations. Furthermore, the hardness has been shown to vary 
significantly between calcites of different origin and impurity concentration [14, 18, 
22, 23]). Thus, we do not know what modulus and hardness to expect a priori—
though the moduli and hardnesses of the calcites measured here do tend to closely 
match that of our relatively pure controls. 
Before correction, indentations in 10 relatively small (~50 µm) calcite grains that 
were surrounded by organic material returned modulus measurements that decreased 
with increasing indenter displacement, and were at or below the lower end of the 
expected range for range for randomly oriented calcite. After correction, these 
measurements were similar to those made on calcite controls, as shown in Fig. 5.8. 
The other 10 grains of calcite in the shale were much larger than 50 µm and/or not 
obviously surrounded by organic material, had zero calculated matrix compliance, and 
returned modulus values that were close to that measured on our controls (on average, 
78 +/- 4 GPa).  
The organic material surrounding some of the calcite grains was also indented with 
a similar loading function. The modulus and hardness did not vary significantly with 
depth and were on the order of 10 GPa and 500 MPa, respectively. 
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Figure 5.7: a) Scanning force probe and b) SEM images of a small grain of calcite of 
unknown crystallographic orientation in shale (concretionary mudstone) surrounded 
by naturally occurring organic material. The boundary between the crystal and the 
surrounding organic matrix as well as an indentation placed in the center of this crystal 
are also visible. 
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Figure 5.8: Data from a representative indentation in shale. a) The measured 
indentation modulus is plotted as a function of indenter displacement, before and after 
correction for the calculated matrix compliance. As in Fig’s 5.3 and 5.6, the dotted 
black line shows the average indentation modulus on the 1014  geologic calcite 
control, and the blue dashed line shows the fit to literature hardness data from Chapter 
4. After correction, the indentation modulus is constant with depth and closely 
matches the average value measured on the control (in contrast, hardness is not 
strongly affected by matrix compliance).  
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5.4. DISCUSSION 
We have tested the efficacy of the correction proposed in Section 5.2 via our 
experiments in Section 5.3. Some assumptions were made in the development of the 
correction, and these assumptions will be discussed in more detail here. We will also 
discuss the meaning of our results, as well as put them in the context of previous work 
done in this area of study. 
5.4.1. Constant matrix compliance assumption  
The experimental results presented in Section 5.3 show that the new correction method 
proposed here can indeed work. That is, the corrected modulus measured on our 
embedded calcite crystals matches that of the bulk calcite crystal. This suggests that 
the assumptions associated with our analysis are valid, at least for the samples 
explored here. The main assumptions were: (1) that 𝐶ABC is nearly constant over the 
range of 𝐴( measured, and (2) that 𝐶ABC′ should converge to 𝐶ABC over some 
number of iterations.  
The first assumption has been considered elsewhere. Gerber [38], based on the 
work of Hetenyi [39], considered measured compliance for an indentation on an 
elastic “quarter-space” and found that the additional compliance due to the free edge 
could be treated as a constant. Jakes, et al. [30] extended this analysis to the more 
general case where some dissimilar material bounds the edge, and came to the 
conclusion that this effect could be treated in the same way as the quarter space 
problem when the radius of the indentation is small with respect to the distance from 
the edge—i.e., in accordance with Saint Venant’s principle. Additionally, their 
experiments show that, in certain cases, this critical radius could even approach that of 
being equal with the distance to the edge, suggesting widespread applicability. 
Furthermore, they used a model by Stone, et al. [40] to simulate whether the effect of 
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a dissimilar substrate on an indentation of a thin film could also be treated as some 
constant compliance that sums with the contact compliance, and concluded that it 
could when the radius of the contact was less approximately than the film thickness—
generally a more stringent criteria, but still widely applicable.  
We note that in Jakes’ work, the criterion for which the constant additional 
compliance approximation is valid (i.e., the critical value of the ratio 𝐴(/𝐷) has not 
been exactly defined, but only approximated. Here, we do not try to exactly define this 
ratio either, but instead we simply assume that if the 𝐶( vs. 1/ 𝐴( data fall on a 
straight line, then 𝐶ABC is constant. To check for curvature in the 𝐶( vs. 1/ 𝐴( data, 
we occasionally adjusted the range of the data in 𝐴( used to make the linear fit (e.g., 
comparing the fit to the data from the 5 largest values of 𝐴( to the fit to the data from 
the 5 lowest values of 𝐴(). In all cases, the slope of the fits were not significantly 
different (data not shown), indicating that 𝐶ABC was indeed constant across the whole 
range of 𝐴(/𝐷 that was measured. If indentations were made to large enough 𝐴(/𝐷 where 𝐶ABC was not constant, then the slope of a linear fit to 𝐶( vs. 1/ 𝐴( 
would vary depending on the range of the data used to make the fit.  
5.4.2. Error in calculated contact area (𝑨𝒄′) 
The second main assumption that our correction is based on is that the calculation of 𝐶ABC′ should converge to 𝐶ABC over some number of iterations. This is related to 
the effect that the magnitude of the ratio 𝐴( /𝐴( has on a plot of 𝐶(′ vs. 1/ 𝐴(′. In 
Section 5.2.3, we explain that the error in the calculated contact area is expected to 
decrease over iterative subtraction of 𝐶ABC′, but here we consider exactly how that 
should work. 
Compared to a plot of 𝐶(′ vs. 1/ 𝐴(, 𝐶(′ plotted vs. 1/ 𝐴(′ should be shifted 
along the x-axis by the amount 1/ 𝐴(′ − 1/ 𝐴(. For 𝐴( /𝐴( greater than unity, 
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1/ 𝐴(′ − 1/ 𝐴( is negative, and vice versa. Rearranging Equation 5.18, and 
substituting values as needed:  
 BzBz = 1 + 𝑘 1 − 𝜀 𝐻𝐶ABC 𝐴( 	, (5.21) 
Hence, it is obvious that 𝐴(′/𝐴( is greater than unity for any positive 𝐶ABC. We also 
note that, for any physically reasonable value of negative 𝐶ABC (e.g., compliant 
particle in stiff matrix), 𝐴(′/𝐴( is less than unity. (Though certain negative values of 𝐻𝐶ABC 𝐴( input in Equation 5.21 lead to 𝐴(′/𝐴( greater than unity, these values 
represent the un-physical scenario where 𝐶( + 𝐶ABC ≤ 0.)    
Having established that 1/ 𝐴(′ − 1/ 𝐴( is always negative for positive 𝐶ABC, we 
now consider exactly how that will affect the plot of 𝐶(′ plotted vs. 1/ 𝐴(′. In 
general, negative 1/ 𝐴(′ − 1/ 𝐴( means that all values of 𝐶(′ plotted vs. 1/ 𝐴(′ 
will be shifted along the x-axis closer to the origin than when plotted vs. 1/ 𝐴( . 
Expanding upon Eq. 5.21 to solve for the magnitude of 1/ 𝐴(′ − 1/ 𝐴( yields  
 NBz − NBz = l K Nl e BzN K Nl e Bz	. (5.22) 
This shows that the magnitude of the shift 1/ 𝐴(′ − 1/ 𝐴(	 will be less for greater 𝐴(. That is, the magnitude of the shift will be less for 𝐶(′ data plotted close to the 
origin. One consequence of this is that the slope of the 𝐶(′ data plotted vs. 1/ 𝐴(′ will 
be greater than that of the 𝐶(′ data plotted vs. 1/ 𝐴(. Another consequence is that, 
since 1/ 𝐴(′ − 1/ 𝐴( is not linear vs. 1/ 𝐴(, the non-linear behavior of the shift 1/ 𝐴(′ − 1/ 𝐴( could drive the plot of 𝐶(′ data vs. 1/ 𝐴(′ away from linearity 
(even for constant 𝐶ABC). However, the functional form of Equation 5.22 suggests that 1/ 𝐴(′ − 1/ 𝐴( vs. 1/ 𝐴( should be nearly linear, except for especially small 𝐴(. 
Thus, if 𝐶(′ data plotted vs. 1/ 𝐴( is linear (e.g., constant 𝐶ABC), then that same 𝐶(′ 
plotted vs. 1/ 𝐴(′ should also be linear, in most cases. 
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To illustrate what this might look like, we’ve generated model data for an ideal 
indentation made over loads ranging 1-10 mN. Our model simply uses the error 
equations introduced in Section 5.2.2 (Eq’s 5.18-5.20) to simulate the quantity 𝐴(′ 
measured at some load 𝑃, given inputs of 𝐻, 𝐸;/(1 − 𝑣;O), and 𝐶ABC. We input 𝐻 = 
2.5 GPa and 𝐸;/(1 − 𝑣;O) = 90 GPa (to approximate that of the calcite crystals tested 
here). To exaggerate the difference 1/ 𝐴(′ − 1/ 𝐴(, we input  𝐶ABC = 100 nm/mN, 
approximately 20x that measured in our experiments. These model data are shown in 
Figure 5.9. In this model we see that the data plotted vs. 1/ 𝐴(′ are still linear (R2 > 
0.98) even for an extreme value of 𝐶ABC. 
The ultimate consequence of the shift caused by the magnitude of the ratio 𝐴(′/𝐴( 
is that the plot of 𝐶(′ vs. 1/ 𝐴(′ will have a larger y-intercept than that of 𝐶(′ vs. 1/ 𝐴(. Thus, the initial value of 𝐶ABC′ will be greater than 𝐶ABC. Hence, the next plot 
of 𝐶(′′ vs. 1/ 𝐴(′′ will be over-accounting for the effect of the matrix, such that 𝐶(′′ 
is less than 𝐶(, and 𝐴(′′/𝐴( is less than unity. Thus, the y-intercept of this plot (the 
new 𝐶ABC′) will be negative, and 𝐶ABC′ will be less than 𝐶ABC. Further iteration will 
switch between 𝐶ABC′ being less than or greater than 𝐶ABC, eventually converging 
on the actual value of 𝐶ABC. 
It follows that the only way these iterations would not converge is if the difference 𝐶ABC′ − 𝐶ABC after the first iteration is greater than the magnitude of 𝐶ABC. In which 
case, the magnitude of 𝐶ABC′ would just steadily increase, switching between negative 
and positive. Because of the difference in slope between 𝐶(′ plotted vs. 1/ 𝐴(′ and 𝐶(′ plotted vs. 1/ 𝐴(, determining the exact criteria for which these plots diverge is 
complicated. However, by simple trigonometry, 𝐶ABC′ − 𝐶ABC should be roughly 
equal 1/ 𝐴(′ − 1/ 𝐴( times the slope of 𝐶(′ plotted vs. 1/ 𝐴(, that is, 𝜋/2𝐸r. 
Thus, the plot would diverge only when:  
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 K Nl e BzN K Nl e Bz yOst > 𝐶ABC , (5.23) 
For a Berkovich indenter, this simplifies to the following relationship:  
 𝐶ABC 1.1𝐻 − 𝐸r − 1.24𝐻𝐸r𝐶ABC > 0 , (5.24) 
which can only be true for positive 1.1𝐻 − 𝐸r  or, more generally, materials with 
extremely high hardness to modulus ratio (> 0.9). And even for positive 1.1𝐻 − 𝐸r , 
Eq. 5.24 would only be true if 1.24𝐻𝐸r𝐶ABC < 𝐶ABC 1.1𝐻 − 𝐸r  too.  
Thus, we’ve shown that for most practical material systems, 𝐶ABC′ should 
indeed converge to 𝐶ABC over some number of iterations. The number of iterations 
before convergence is dependent on the magnitude of the initial difference 𝐶ABC′ −𝐶ABC. In our experiments, this difference was small enough that only a single iteration 
was necessary. 
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Figure 5.9: Model data to show the difference between plotting 𝐶(′ vs. the uncorrected 
and actual contact area for a large matrix compliance. Note that the difference between 
the two sets is not very large. The ultimate effect is that the y-intercept of the plot 
using the uncorrected area is larger than the actual matrix compliance. 
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5.4.3. Relating matrix compliance to physical properties 
Here we relate the magnitude of 𝐶ABC to the measured modulus of our matrix 
materials. In our model, 𝐶ABC is just the contact compliance for indentation of the 
matrix material using the particle as an indenter. This contact compliance is not 
exactly equivalent to Sneddon’s solution of a flat-punch indenter because of the 
additional constraints associated with the particle being firmly embedded at some 
depth into the matrix. However, we do assume that 𝐶ABC scales with Sneddon’s 
solution, such that:  
 𝐶ABC ≈ NOst, B	. (5.25) 
where 𝐴  is some unknown quantity with units of area, which describes the interface 
between the particle and the matrix. Since we have measured the moduli and average 𝐶ABC for each of the samples tested here, we can solve for 𝐴. For the synthetic crystals 
in cyanoacrylate, 𝐴 is ~22500 µm2, and for the natural crystals embedded in organic-
rich shale, 𝐴 is ~1480 µm2. These values correspond to the surface area of a 
hemisphere with radius equal 60 µm and 15 µm, respectively. This is very close to the 
size of the crystal in each case. Maybe the lower value of 𝐴 for the natural crystals can 
be explained by the fact that the matrix organic material may not surround each of 
those crystals equally on all sides, as it does in the synthetically embedded crystals. 
For example, if each crystal were partially in contact with other stiff minerals at one 
side and/or underneath its surface, then it would make sense for the total matrix 
compliance to be less than if the crystal was uniformly surrounded by compliant 
matrix material. 
5.4.4. Comparison to other work 
Previous work investigating the indentation measurement of a particle in a dissimilar 
matrix has been limited. A few studies have explored this situation theoretically using 
 168 
finite element simulations (FEA) [24-29].  The results of these studies show that the 
measured hardness and modulus calculated using the standard Oliver and Pharr 
method are some combination of the properties of the particle and the matrix, with the 
effect of the matrix being greater at larger indentation size. Leggoe et al. [26] analyze 
their FEA results in terms of the particle making a “secondary” indentation into the 
matrix, and determine that the compliance of this secondary indentation can be 
described by Sneddon’s solution, multiplied by some correction factor that depends on 
the shape of the particle. This result is consistent with our analysis in Section 4.3. 
Numerous FEA studies (Durst et al. [25], Low et al. [27], Yan et al. [28, 29], and Cao 
et al. [24]) each find a “particle-dominated” indentation size, below which uncorrected 
measured values are reasonably close (within 5-10%) of the actual properties of the 
particle. Durst et al. [25]  and Low et al. [27] focus on the measurement of hardness, 
while Yan et al. [28, 29] and Cao et al. [24] explore both modulus and hardness. 
Consistent with our results here, the results of these studies indicate that the matrix has 
a much greater effect on measured modulus than on hardness.  
Based upon the concept of a particle-dominated indentation size, Liesen et al. [41] 
proposed an experimental method to correct indentation measurements made on small 
particles embedded in a more compliant matrix. Their method involves plotting 
uncorrected modulus measurements as a function of depth, and extrapolating to zero 
depth, similar to models used for indentation measurements of thin-films on dissimilar 
substrates [4]. The sample used by Liesen et al. [41] consisted of hard ceramic 
particles of 2-3 mm in diameter embedded in epoxy and polished to expose a flat 
surface of the particles.  
Maughan et al. [42] proposed a method for mounting small (~ 1 mm) crystalline 
particles in preparation for nanoindentation measurements. Similar to the mounting 
method used here (Figure 5.4), their method involves orienting pre-existing flat 
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surfaces of particles (i.e., without polishing) but is instead based on gently dipping the 
particle into the mounting adhesive, so as to avoid the need for any peeling step. 
Because of the precision required to mount a particle in this way, they explain that it is 
not practically useful for particles < 250 µm in diameter. In contrast, we have 
demonstrated that the simple peeling method used here can effectively mount crystals 
that are < 50 µm in diameter. 
Jakes, et al. have mostly developed their indentation correction model in terms of 
the effect of a single elastic discontinuity that intersects the surface place of the 
sample perpendicularly, but they have also applied their model to a few situations 
which could be described as a particle embedded in a matrix (i.e., nearby elastic 
discontinuities in all directions) [30]. For those examples, they use what they refer to 
as a SYS plot, which inherently involves assuming that the hardness does not depend 
on indentation size. As described in Section 5.2.3, this assumption is troubling because 
hardness does depend on indentation size in many materials [35]. It is not clear what 
effect the constant hardness assumption had on the accuracy of their corrected data. 
Finally, we note that much more work has been focused on the similar, but 
different case of thin films on dissimilar substrates. Similar to the concept of a 
particle-dominated indentation size, the most basic way to avoid the effect of the 
substrate is to make small enough indentations. A basic empirical rule of thumb is to 
keep the depth of the indent less than 1/10 the film thickness [43], although this has 
been shown to not always be valid [8]. One of the earliest attempts to model the 
influence of a substrate was by Doerner & Nix [4], who developed an empirical 
modification of the definition of reduced modulus to account for the effects of the 
substrate, assuming a linear transition from film to substrate. Since then, a number of 
improved models, usually based on a similar empirical concept, have been introduced 
[5-9]. In all cases, such models are different than the Jakes model (and the alternative 
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method proposed here) in a few key ways. For one, the thin film models were 
designed and evaluated specifically for the sample geometry of a thin film, i.e., a 
sample is laterally large with respect to the indentation size such that its finite extent 
can be ignored, unlike the geometry of small particle. Also, the thin film models 
describe the full transition from measuring the properties of the film to that of the 
substrate, including the measurement at indentation sizes where the effect of the 
substrate cannot be considered a constant additional compliance. For these reasons, the 
thin film models are not directly comparable to any model based on a constant 
additional compliance, and thus should not be expected to apply to analysis of the 
types of measurements we are interested in here. However, in cases where the 
indentation size on a film is small enough to be treated as a constant additional 
compliance, the method proposed here has the advantage over existing thin film 
models that it does not require a priori knowledge of the elastic properties of the 
substrate. 
5.5. SUMMARY AND CONCLUSIONS 
The commonly used method of Oliver & Pharr to calculate the hardness and modulus 
of a sample from an instrumented indentation measurement is only accurate when a 
small indentation is made on a large and homogeneous sample. If this same analysis is 
used for indentations in on other types of samples, such as a particle embedded in 
dissimilar matrix, the measured hardness and modulus are not equal to those of the 
particle alone, but are also affected by the properties of the matrix. Previous 
simulation work has shown that the effect of the matrix on such measurements is 
greater for greater mismatch between the properties of the particle and the matrix, but 
the complicated nature of these simulations do not lend themselves to a practical 
experimental solution to remove the effect of the matrix. Based on the assumption 
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that, for small enough relative indentation size, the effect certain elastic 
heterogeneities within a sample can be treated as some constant additional compliance 
that sums with the compliance measured during an instrumented indentation, Jakes, et 
al. have introduced simple experimental methods by which that constant additional 
compliance can be calculated and removed from the measurement. However, the most 
convenient of these methods (that which does not require multiple indentations to be 
made), requires that the sample material has no indentation size effect (ISE), a 
requirement that is not met by many materials of interest. 
In this work, we extend and modify the method introduced by Jakes so that it can 
be accurately applied to embedded particle samples where the particle displays an ISE. 
We use simple dimensional analysis to show that the effect of the matrix in this 
scenario should be some constant additional compliance (like that considered by 
Jakes), which we call “matrix compliance.” Here we suggest making linear fits to an 
iterative series of plots of measured compliance and assumed contact area data in 
order to account for the error in the calculated matrix compliance that is associated 
with the ISE. The efficacy of this new method is proven through experiments in bulk 
and embedded samples of calcite, a common and important material that we have 
shown to display a strong ISE (Chapter 4). 
Unlike hardness, indentation modulus is not expected to vary with indentation size 
in pure materials. Our experiments in calcite show that the modulus measured using 
the unmodified Oliver & Pharr method on particles of calcite embedded in a more 
compliant matrix decreases with indentation size and is lower than the modulus 
measured on a bulk calcite control. After correction, the modulus measurements in the 
embedded calcite do not vary with indentation size and also match that of the bulk 
control. Hardness, which is less affected by the matrix material, shows ISE before 
correction, and retains ISE after correction. Thus, we have demonstrated that this 
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method does indeed work on a material with ISE. Furthermore, simple analysis of the 
calculated values of matrix compliance shows that this quantity is related to the size of 
the particle and the modulus of the matrix material. 
Like Jakes’ method, our approach is based on the assumption that the matrix 
compliance is independent of indentation size below some critical indentation size. 
While analysis of our data suggests that this assumption is true for the indentation 
sizes used here, the dimensional limits of this assumption remain an unanswered 
question. Further analysis of these limits may be well-suited to finite element analysis.  
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ABSTRACT 
Many biogenic calcite crystals are harder than pure and defect-free control calcite 
crystals, however, the origins of this strengthening are poorly understood. Biogenic 
calcite crystals are known to contain impurities and also to grow via non-classical 
growth mechanisms. While other studies have demonstrated the strengthening effects 
of impurities in synthetic calcite, to date, the effect of growth mechanism on hardness 
has not been investigated. Here, we test the relationship between the solution 
supersaturation and growth kinetics of calcite crystals, and the mechanical properties 
of the resulting crystals.  In-situ observations of crystal growth from impurity-free 
solution as a function of supersaturation suggest that growth from the highest 
supersaturation solutions (90-1,000 mM CaCl2) may occur via the formation of an 
amorphous precursor phase and/or particle attachment. Crystals grown from relatively 
low supersaturation solutions (10-15 mM) have an average hardness of 2.5 GPa, as 
measured by nanoindentation, that match that of a pure and defect free control, while 
those grown from the highest supersaturation solutions have an increase in average 
hardness of up to 44%. The increase in hardness for crystals grown via an amorphous 
precursor might be related to an increased density of crystallographic defects 
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introduced during growth. These results have important implications for better 
understanding the origins of strengthening in biogenic calcite and can inform the 
synthetic growth of harder minerals.  
  
 180 
6.1. INTRODUCTION 
The mechanical strength of biominerals (e.g., calcite, CaCO3) is of interest because 
living organisms successfully employ these inherently soft and brittle materials 
towards structural purposes by exploiting a hierarchical set of strengthening 
mechanisms. For example, the teeth, shells, and spines of many marine organisms 
(e.g., sea urchins [1-6], brachiopods [7-10], and mollusks [11-25]) contain, or are 
entirely composed of, calcite. The polycrystalline and/or composite nature of these 
structures provides some strengthening, compared to a single crystal of calcite [26-28]. 
Additionally, small-scale mechanical testing (by nanoindentation) indicates that even 
the single crystals of calcite that make up these structures can be upwards of 60% 
harder than a pure and defect-free “control” calcite crystal measured at similar 
indentation size (Chapter 4). Hence, biogenic structures made of calcite exhibit 
strengthening at multiple length scales, even at the level of single crystals.  
When discussing strengthening of a material, it is necessary to compare to some 
“control” state of that material. Relatively large and optically transparent, geologic 
single crystals, known as Iceland spar, are commonly used as control calcite crystals 
[30]. The optical transparency of Iceland spar crystals is related to the high degree of 
purity and crystallographic perfection of such crystals. Because of these 
characteristics, these crystals display smooth and flat facets of the naturally low-
energy {1014} cleavage planes, in the shape of a rhombohedron. Crystals of similar 
morphology, but usually of smaller size, can be reproduced synthetically by growth 
from solution at low supersaturation (e.g., [31, 32]). Furthermore, we have recently 
shown that the hardness of such synthetic crystals is the same as that of Iceland spar 
crystals (Chapters 4 and 5). Hence, either Iceland spar, or synthetic calcite grown from 
low supersaturation solutions, can serve as good control crystals to compare to 
strengthened calcites. 
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Biogenic calcite crystals are different from control calcite in a variety of ways. 
One important difference is purity. Biogenic calcite crystals have been shown to 
contain inorganic and/or organic impurities [1, 4, 7, 20, 33]. Such impurities can act to 
block dislocation motion and increase the hardness of single crystals [34]. Calcite 
crystals containing a range of additives have also been grown synthetically, and their 
hardnesses measured by nanoindentation. For example, synthetic single crystals of 
calcite have been strengthened by the incorporation of Mg2+, long-chain polymers, and 
small-molecule amino acids [35-38]. Hence, it is well established that impurities can 
strengthen calcite crystals, and probably play a significant role in the total 
strengthening observed in biogenic calcite. However, it is still not clear if impurities 
are the sole cause of strengthening in biogenic calcites, or if there might be other ways 
to strengthen calcite.  
Besides impurities, another known difference between biogenic and pure control 
calcite is the growth mechanism. In contrast to “classical” ion-by-ion growth (e.g., 
spiral growth via screw dislocations or 2-D nucleation of islands), which dominates 
during growth of pure calcite crystals at low supersaturations [39, 40], many biogenic 
calcite crystals are known to grow via an amorphous precursor phase (amorphous 
calcium carbonate, ACC) [41-45]. The subsequent transformation of the ACC to 
calcite has been proposed to go through either a solid state transformation[42-46] or a 
dissolution-reprecipitation pathway [47, 48]. Of importance to the current work, the 
initial formation of the ACC phase has been proposed to occur via attachment of ACC 
particles, possibly mediated by impurities [49-51].  
Particle-attachment based growth mechanisms could have an effect on the 
mechanical properties of the resulting crystals due to the introduction of defects during 
growth. For a variety of synthetic single-crystal materials that formed via particle 
attachment without impurities (namely TiO2 [52], PbSe [53], iron oxide [54], Pt [55], 
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and Au [56]), high-resolution TEM images have provided direct evidence of the 
creation of dislocations and/or twin boundaries at the attachment interface. High 
dislocation densities (e.g., those induced by strain hardening [57]) are known to 
increase hardness. Thus, it seems possible that growth via particle attachment could 
increase hardness [16, 58], though to the best of our knowledge, this principle has not 
yet been demonstrated. 
In this work, we have designed a synthetic experiment to test the possibility of 
tuning the hardness of calcite crystals without introducing impurities, by only varying 
the crystallization pathway by changing calcium concentration in the growth solution. 
The growth rates of the resultant crystals are measured in-situ under an optical 
microscope. Nanoindentation is used to measure the hardness and modulus of the 
resultant calcite crystals. To the best of our knowledge, this is the first report of 
linking the growth mechanism to the hardness of calcite crystals. 
6.2. EXPERIMENTAL 
6.2.1. In-situ growth experiments 
Calcite crystals were precipitated onto glass slides from CaCl2 solutions supersaturated 
with respect to CaCO3 via the “ammonium diffusion method” [59]. A stock CaCl2 
solution (1,000 mM) was prepared by dissolving CaCl2 powder (96% pure anhydrous, 
Acros Organics) into DI water. Lower concentration CaCl2 solutions (as low as 10 
mM) were created by diluting small batches of the stock solution with additional DI 
water. Most of the growth experiments were performed within a small, home-made 
chamber. This small polystyrene growth chamber (90 mm diameter and 20 mm tall; 
12.7 mL volume) was optically transparent, to allow observation of the growth in-situ 
under an optical microscope, as illustrated schematically in Figure 6.1.  
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Figure 6.1: Schematic of in-situ growth setup. The CaCl2 solution is supersaturated 
with respect to CaCO3, via the “ammonium diffusion method.” Heterogeneous 
nucleation and growth is observed and recorded in-situ via an optical microscope at 
100x total magnification. The initial CaCl2 concentration of the solution is varied from 
10-1,000 mM. 
  
 184 
Two smaller polystyrene dishes (35 mm diameter, 15 mm tall; 14.4 mL volume, 9.6 
cm2 surface area), one containing 0.5 g (NH4)2CO3 powder (ACS reagent grade, Sigma 
Aldrich) and the other containing 3 mL CaCl2 solution were placed within the growth 
chamber, and a glass slide was positioned across the CaCl2 dish in such a way that 
only the bottom (under) side of the glass was in contact with the solution. Before 
positioning the glass slide, it was scratched with a diamond scribe near the center of 
the side that was to be placed in contact with the solution, in order to provide a clear 
feature on which to focus the microscope. Each growth experiment was started by 
sealing the growth chamber with a flexible film (Parafilm), and hence allowing the 
diffusion of NH3 and CO2 gas from the (NH4)2CO3 powder into the CaCl2 solution, 
raising the pH of the solution, and supersaturating it with respect to CaCO3. 
The initial concentration of the CaCl2 solution in these experiments was varied 
from 10 mM to 1 M across five different concentrations (10, 90, 270, 810, and 1000 
mM). Before the start of each growth experiment, the microscope (Leica DM EP) was 
adjusted to focus on the bottom side of the glass slide (using the scratch as a 
landmark), so as to observe the nucleation and growth of heterogeneously nucleated 
crystals only. In some trial experiments, we moved the microscope stage in x and y to 
view different portions of the slide at different times in the growth, and we confirmed 
that the growth proceeded in a similar way even in locations far from the scratch 
(except very close to the edge of the glass, where there was higher nucleation density). 
Hence, to allow for consistent measurement of individual crystals for the entire 
duration of their growth, the field of view remained fixed on the same area (near the 
scratch) in subsequent growths. Two of these fixed field of view recordings were 
performed for growths from solutions of each initial Ca2+ concentration, to check for 
repeatability. Videos of these growths, using a 10x objective (100x total 
magnification), were recorded using a 1080p resolution camera installed above the 
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lens of the microscope (Leica MC120 HD). Recording was started at the time the 
growth chamber was sealed. The growth was observed real time via a live feed of the 
video, and the videos were later analyzed to compare the growth rates of calcite 
crystals in each experiment. In order to produce crystals of roughly the same size, each 
growth was stopped when the crystals grew to a size of ~25 µm on any visible edge, as 
estimated from the live video feed. For all initial Ca2+ concentrations, this occurred 
within 80-90 minutes after sealing the chamber. At that point, the growth was stopped 
by removing the seal from the chamber, and immediately rinsing the glass slide with 
DI water and ethanol. Ultimately, this technique produced hundreds of randomly-
oriented crystals evenly coating each glass slide. 
The videos from these growth experiments were analyzed to determine the growth 
kinetics. Screenshots of the videos were taken at regular time intervals, and these 
images were further analyzed using ImageJ. From these screenshots, the projected 
(2D) areas of selected crystals were determined by tracing the outline of the crystal 
(using the “trace” tool) and calculating the area within the trace (using the “measure” 
tool).  
6.2.2. Ex-situ growth experiments 
In addition to the in-situ growths, three more growths were performed ex-situ in a 
larger, glass desiccator growth chamber (~10 L) sealed with vacuum grease. The same 
amounts of (NH4)2CO3 powder and CaCl2 solution were used as the in-situ growths 
(0.5 g and 3 mL, respectively), and a glass slide was positioned in the CaCl2 dish in a 
similar manner. These growths were at similar initial Ca2+ concentrations to some of 
the in-situ growths (i.e., 15, 100, and 175 mM), to facilitate comparison between the 
sets. In contrast though, the ex-situ growths were instead allowed to continue for 24 
hours before removing the seal and rinsing the slide. As such, the final crystal size was 
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not controlled in these experiments, and the crystals presumably grew until depleting 
the supply of Ca2+ from the solution. Similar to the in-situ growths, these growths 
produced hundreds of randomly-oriented crystals evenly coating each glass slide. 
6.2.3. Estimating supersaturation 
We make an estimate for the initial supersaturation of our growth systems by 
assuming 5 mM CO32-, pH = 8.5, and a Ca2+ concentration equal to the initial Ca2+ 
concentration of our solution. Inputting these values into the software package Visual 
MINTEQ (v3.1, J.P Gustafsson), we calculate 𝜎(WL(Iij = 4.3 for 10 mM Ca2+, up to 𝜎(WL(Iij = 6.5 for 1,000 mM Ca2+. These values are plotted (along with the same 
calculation at higher pH, to show sensitivity to pH) in Figure 6.2. The solubility limit 
of ACC, 𝜎(WL(Iij = 4.8, is indicated by a dashed line. 
6.2.4. Nanoindentation measurements 
The hardness and modulus of selected calcite crystals grown here were measured 
using a commercially available nanoindenter (Hysitron Ti-900) equipped with a 
Berkovich tip (with tip radius ~120 nm). A flat and smooth surface of the sample that 
is parallel to its substrate is required to make an accurate nanoindentation 
measurement. In general, the randomly-oriented calcite crystals grown here did not 
naturally display such surfaces. In Chapter 5, we developed a mounting and analysis 
technique that allows for accurate nanoindentation measurements to be made on small 
(< 100 µm) crystals similar to those grown here. In this work, the same technique is 
applied.  
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Figure 6.2: Supersaturations with respect to calcite plotted as a function of pH and 
[Ca2+], calculated in MINTEQ, assuming 5 mM CO32-, chosen as a reasonable estimate 
for our system in the early stages of growth. 
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For the mounting, in short: Crystals were embedded in glue on their original glass 
substrates, the glue was allowed to solidify and encapsulate the crystals, and then the 
solidified glue was peeled away from the glass, exposing the flat and smooth surface 
on which they initially grew (see Chapter 5). The embedded crystals were then 
mounted on the stage of the nanoindenter. This process was repeated for selected 
samples from both in-situ and ex-situ growths. Prior to indenting a crystal, the sample 
surface was scanned using the indenter tip as a SFM probe. From these scans, the 
boundaries of the crystal could be clearly distinguished from the surrounding 
embedding material, and the roughness on the crystal surface was measured to be <10 
nm RMS over a 10 µm square.  
For the testing and analysis, in short: For each crystal tested, a dynamic load 
function that increased from 2.5-10 mN in 0.5 mN steps was applied to create an 
indentation in the center of the crystal. The contact compliance at each load step was 
calculated by analyzing the amplitude of the displacement signal with a dynamic 
model [60]. These compliances were plotted versus the reciprocal square root of the 
calculated contact area in order to determine the effect of the embedding material on 
the measurement (the “matrix compliance”). Then the matrix compliance was 
subtracted from the measured compliances and displacements, and hardness and 
modulus were calculated from these corrected data (Chapter 5). As in previous 
chapters, for modulus we report the quantity 𝐸;/ 1 − 𝜈;O , which is the plane strain or 
“flexural” modulus of the sample. Here, we will simply refer to this quantity as the 
“indentation modulus.”  
From the in-situ growth experiments, samples grown at 10, 90, and 1000 mM were 
embedded for measurement. From the ex-situ growths, samples grown at 15, 100, and 
175 mM were embedded for measurement. Within each sample, there were bundles of 
smaller crystals (<25 µm on edge) interspersed between larger crystals (always > 25 
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µm on edge). For consistency, only the larger crystals in each sample were considered 
for nanoindentation measurement. From each sample, 10 to 15 of these larger crystals 
(10 from each in-situ sample, and 15 from each ex-situ sample), covering some range 
of different crystal orientations, were selected to be measured.  
At 2.5 mN load, the corrected contact depths ranged from 125-160 nm (with 
corresponding contact areas of 0.7-1.1 µm2), and at 10 mN load the corrected contact 
depths ranged from 290-360 nm (with corresponding contact areas of 2.9-4.1 µm2). 
The minimum load of 2.5 mN was chosen because it resulted in corrected contact 
depths of at least 120 nm, thus beyond the radius of rounding at the tip of our 
Berkovich indenter. At 10 mN, the maximum indentation diameter was < 1/10 the 
diameter of any tested crystal, thus we assume the indentations are small enough that 
the matrix compliance can be assumed to be constant (as in Chapter 5). Even after 
correction for matrix compliance, most indentations showed at least a slight size effect 
in hardness between 2.5 and 10 mN load (usually ~5% decrease), consistent with our 
findings in Chapter 4 (examples in Figure 6.3). There was no significant size effect in 
modulus, as expected. For consistency, we compare the measured values of hardness 
and modulus at 2.5 mN load only. 
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a) 
 
b) 
 
 
Figure 6.3: Example corrected a) hardness and b) modulus data versus indenter 
displacement from indentations on crystals grown from 15 mM and 175 mM initial 
Ca2+ concentrations. Note that there is a small size effect in hardness, such that 
hardness decreases with increasing displacement (consistent with results in Chapter 5). 
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The size of the plastic deformation zone can be estimated by modeling the 
deformation zone as an expanding spherical cavity [61]. This leads to the following 
well-known relation: 
 (r = OsP£¤_ N/P (4) 
where c is the radius of the plastic zone, R is the radius of the indentation, and E and 𝜎T; are the elastic modulus and yield strength of the material, respectively. Assuming 
the hardness is roughly 2.8x the yield strength in calcite [35], and inputting the 
average indentation modulus of Iceland spar calcite on the (1014) face from Chapter 
5 (87 GPa), we find 𝑐/𝑅 = 4.1. Thus, based on our average measured contact area at 
2.5 mN load (~1.0 µm2, or equivalently 1.1 µm diameter), we estimate that these 
indentations are plastically deforming a fraction of the crystal with diameter less than 
or equal to ~4.5 µm. 
6.3. RESULTS 
6.3.1. In-situ observation of crystal growth 
We determined the effect of the initial concentration of Ca2+ in the growth solution on 
the growth kinetics of calcite crystals. Each growth experiment involved a 
characteristic sequence of events, consistent with known theories of crystal nucleation 
and growth: Some initial incubation time before any crystals were visible on the glass 
surface, followed by a quick “burst” in which many crystals appeared on the glass all 
at once, then followed by a gradual increase in size of these crystals (see Figure 6.4). 
The initial incubation time and subsequent growth rates of calcite crystals were similar 
for each experiment performed at the same starting concentration of the growth 
solution, but varied between different concentrations. 
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Figure 6.4: Screenshots of the growth experiments from CaCl2 solutions with initial 
Ca2+ concentrations of a-c) 10 mM, d-f) 90 mM, and g-i) 1,000 mM. The first image in 
each series (a,d, and g) shows the first appearance of crystals (dark spots) on the glass 
surface, the time for which increases with concentration (note: for 1,000 mM, the first 
appearance of crystals is not obvious because of the cloudy solution, hence the 
asterisks). The second image in each set shows crystals size at 40 min, and the third 
image in each set shows the final crystal size (shortly before growth was stopped). The 
scratch (used as landmark for focusing the microscope) is visible in each set (in the top 
right corner for a-c, and the top left corner for d-f and g-i). Note the consistent size of 
crystals within each set, and the difference in crystal size between each set. The 
circled crystals (labeled 1 and 2) were the ones that we tracked growth rates for from 
these videos (i.e., 2 of the total 4 crystals tracked for that initial solution 
concentration). 
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During the initial incubation period, the growth solution would gradually become 
cloudy, especially at the higher solution concentrations. Eventually, many small (the 
smallest size easily measured in the videos, ~ 3-4 µm diameter) dark spots would 
appear on the glass slide in a single burst (all within a span of about 30 seconds), and 
then these spots would continue to grow to become larger calcite crystals. Within the 
730 by 410 µm field of view of the video, tens of these spots would appear during this 
initial nucleation burst (examples in Fig. 6.4a,d,g). The total time elapsed before this 
initial burst increased with the initial Ca2+ concentration of the solution. 
Following the initial incubation period, we tracked the size and shape of the 
crystals to determine their growth rates as a function of initial Ca2+ concentration. The 
majority of crystals at all concentrations are calcite, which can be distinguished from 
the other CaCO3 polymorphs (aragonite and vaterite) by its characteristic faceted 
rhombohedral morphology. For the growths from higher solution concentrations 
(generally > 90 mM), we note that the edges of the calcite crystals tend to bow inward 
(e.g. Fig. 6.4f,i), consistent with the “hopper” morphology often observed for crystals 
grown at high rates [39]. Within any sample, the calcite crystals that appeared at the 
same time and were evenly spaced, seemed to grow at a similar rate (i.e., had similar 
sizes at the same point in the growth). By focusing on crystals that grew such that a {1014} facet is near parallel to the glass surface, we could estimate the average edge 
length and growth rate by measuring the projected area of the crystal. The square root 
of the projected area of such crystals is proportional to the average length of the edges 
bounding the {1014} faces that are parallel to the glass. Assuming that all {1014} 
faces grow at an equal rate, the rate of change of this average length divided by two 
should be proportional to the average growth rate normal to each {1014} face of the 
crystal. 
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The final sizes of all crystals at the time growths were stopped (after 80-90 
minutes) ranged from 20-30 µm on edge (see Figure 6.5a). Because the subsequent 
nanoindentation measurements only measure the mechanical properties of some 
fraction of each crystal (see Section 6.2.4), further analysis of the growth kinetics 
focused on the early stages of crystal growth. For the first 20 minutes of growth 
following the initial incubation time (i.e., after the crystals reached a measurable size, 
the sizes of selected crystals were measured every 2 minutes (Figure 6.5b). During 
these first 20 minutes, the crystals grown from solutions with lower initial 
concentrations of Ca2+ grew to larger sizes. At the two extremes: the crystals grown 
from the initially 1,000 mM Ca2+ solution reached an average size of only ~10 µm on 
edge, and the crystals grown from the initially 10 mM Ca2+ solution reached an 
average size of nearly 15 µm on edge. 
To provide a more quantitative comparison of the different growth experiments, 
the data in Fig. 6.5b (average edge length vs. time) were fit using non-linear regression 
in a software program (GraphPad Prism 7). A second-order polynomial provided the 
best fit for the data from each growth experiment except for the 810 mM initial Ca2+ 
growth, which was best fit by a straight line. The “initial time” (x-intercept) and 
“initial rate” (y’/2 at x = initial time) were calculated from each of the fits (all values 
tabulated in Table 6.1). On average, the initial time increases with increasing initial 
Ca2+ concentration, and the initial rate decreases with increasing initial Ca2+ 
concentration (Figure 6.6). 
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a) 
 
b) 
 
Figure 6.5: Plots showing the average measured sizes of crystals grown from 
solutions with different initial Ca2+ concentrations. The average edge length is the 
square root of the measured area. The size at each time point is the average of all 4 
crystals measured from that initial solution concentration, and the error bars are the 
standard deviations. a) All size measurements for the total 80 minutes of growth with 
data points connected as a guide to the eye, and b) zoom in on the same size data for 
the first 20 minutes of growth with polynomial best fit lines shown. 
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Table 6.1: Values calculated from fits to edge length vs. time data (Fig. 6.5b).a  
	 10	mM	 90	mM	 270	mM	 810	mM	 1000	mM	
B0	 -1.6	 -3.2	 -3.1	 -5.0	 -11.1	
B1	 0.90	 0.78	 0.71	 0.46	 0.79	
B2	 -0.012	 -0.008	 -0.007	 0	(linear)	 -0.007	
R2	 0.998	 0.998	 0.997	 0.998	 0.997	
Initial	time	
(min)b	 1.8	 4.2	 4.6	 9.5	 16.4	
Initial	rate	
(nm/s)c	
7.2		
+/-	0.69	
5.9		
+/-	0.72	
5.4		
+/-	1.1	
3.8		
+/-	0.59	
4.7		
+/-0.81	
a Best-fit coefficients for fits to 𝑦 = 𝐵§ + 𝐵N𝑥 + 𝐵O𝑥O, and corresponding R2 value 
indicating goodness of fit.  
b “Initial time” is the x-intercept.  
c “Initial rate” is y’/2 at x = initial time. The error bars on the rates are calculated based 
on the error bars on measured edge lengths. Derivative (y’) is divided by two to be 
comparable with growth rate normal to {1014} faces (as described in text). 
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a) 
 
b) 
 
 
Figure 6.6: Plots of a) initial time, and b) initial rates of in-situ crystal growth versus 
the initial Ca2+ concentrations of the solutions from which the crystals grew. These 
values were calculated from the fits to the data in Figure 6.5 (more info in Table 6.1). 
Note that the initial time increases rapidly with the initial Ca2+ concentration, but the 
initial rate does not increase.  
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6.3.2. Crystals grown ex-situ 
The ex-situ growth experiments were allowed to grow for a full 24 hours. Thus, the 
crystals grown at higher initial Ca2+ concentrations had more time to grow, and 
reached larger final sizes (Figure 6.7). The crystals grown from 15 mM Ca2+ reached a 
maximum size of approximately 25 µm (the same size at which the in-situ growths 
were stopped), while the crystals grown from 100 mM initial Ca2+ grew to as large as 
50 µm, and the crystals from 175 mM initial Ca2+ grew to nearly 75 µm. The crystals 
from 15 mM initial Ca2+ had the characteristic faceted rhombohedral morphology, 
while the crystals from 100 mM initial Ca2+ had a hopper morphology, similar to what 
we started to observe happen in the higher solution concentrations in-situ. The crystals 
grown at 175 mM initial Ca2+ had even more extremely bowed edges, taking on a star-
like morphology, while still extinguishing light under cross-polarizers as single 
crystals (data not shown).  
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Figure 6.7: Optical microscope images of the final morphologies of crystal grown ex-
situ for 24 hours from initial Ca2+ concentrations of a) 15 mM, b) 100 mM, and c) 175 
mM. Note the characteristic hopper morphology of the crystals grown from 100 and 
175 mM initial Ca2+ concentration. 
  
a)
b)
c)
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6.3.3. Hardness and modulus measurements 
The corrected hardness and indentation modulus measured for each crystal is plotted 
versus the initial Ca2+ concentration of the solution from which it grew in Figures 6.8a 
and b, respectively. The average values measured on crystals grown from similar 
initial Ca2+ concentrations are similar, regardless if the crystals were grown in-situ or 
ex-situ. For reference, we compare these measurements to the average values of 
hardness and indentation modulus measured on the (1014) face of a pure geologic 
Iceland spar calcite crystal using the same loading function (from Chapter 5).  
On average, the hardness of crystals grown from high initial Ca2+ concentrations 
are higher than those grown from low initial Ca2+ concentrations. The average 
hardness of crystals grown from either 10 or 15 mM initial Ca2+ (2.6 and 2.5 GPa, 
respectively) is similar to the average hardness of Iceland spar (2.5 GPa). In contrast, 
the average hardness of crystals grown from 1,000 mM initial Ca2+ is 3.6 GPa, 44 % 
higher than 2.5 GPa. 
In contrast, the average indentation moduli of crystals grown from high initial Ca2+ 
concentrations are lower than those grown from low initial Ca2+ concentrations. In 
particular, the average indentation modulus of crystals grown from 1,000 mM initial 
Ca2+ is 79 GPa, 15% lower than the average indentation modulus measured on crystals 
from 10 mM initial Ca2+ (93 GPa). For comparison, the average indentation modulus 
on the (1014) face of Iceland spar is 87 GPa. 
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a)	
	
b)	
	
 
Figure 6.8: The corrected a) hardness and b) indentation modulus measured for each 
crystal at 2.5 mN load, plotted versus the initial Ca2+ concentration of the solution from 
which it grew. Values measured on crystals grown from in-situ growth experiments 
are plotted with filled data symbols, and values measured on crystals grown ex-situ are 
plotted with open symbols. The horizontal dashed lines in a) and b) represent the 
average hardness or modulus (respectively) measured on the (1014) face of a pure 
geologic Iceland spar calcite crystal.  
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6.4. DISCUSSION 
6.4.1. Effect of solution concentration on growth kinetics 
Calcite is the least soluble phase of CaCO3, with 𝐾;h,(WL(Iij = 3.3	×	10lm, and 
amorphous calcium carbonate (ACC) is the most soluble phase with 𝐾;h,Bee =4.0×10ln [62]. Thus ACC, is 121 times more soluble than calcite, and unlikely to 
form in solution unless the ionic activity product is well above 𝐾;h,Bee , i.e., 𝜎(WL(Iij ≫4.8. In the absence of ACC (𝜎(WL(Iij < 4.8), calcite growth typically occurs by 
“classical,” ion-by-ion growth mechanisms. 
In the context of classical growth theory [39], the growth rate is expected to 
always increase with the supersaturation of the solution, the exact form of this 
relationship depending on the specific growth mechanism, e.g., continuous “adhesive 
growth”, 2-D island nucleation, or spiral growth via screw dislocations. Here we 
observe the opposite trend: That is, with increase of the initial Ca2+ concentration 
(presumably increasing the initial supersaturation) there is both an increase in the 
initial incubation time, and a decrease in the subsequent growth rate. To help 
understand these observations, first we consider some features of the ammonium 
diffusion growth method used here.  
The ammonium diffusion method has been widely applied to grow calcite crystals, 
and many aspects of this method have been described in detail elsewhere [59]. In 
short, the (NH4)2CO3 powder spontaneously sublimates into NH3 and CO2 gas, and 
these gases diffuse into the CaCl2 solution. The dissolved CO2 gas forms carbonate 
and bicarbonate in the solution, and the ratio of these ions is determined by the pH of 
the solution (more carbonate at higher pH). Simultaneously, the NH3 gas increases the 
pH of the solution, and thus the Ca2+ ions combine with carbonate to supersaturate the 
solution with respect to CaCO3. Thus, the concentration of CO32-, and hence the 
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magnitude of 𝜎, are related to the rate of diffusion of the NH3 and CO2 gases into the 
CaCl2 solution. 
Ihli, et al. have characterized many of the features related to the ammonium 
diffusion growth method for initial CaCl2 concentrations ranging from 10-50 mM [59]. 
Notably, they measure pH, and Ca2+ and CO32- concentrations in-situ over time, but not 
the growth rate (change in crystal size over time) that we measured here. Thus, we can 
compare and contrast our results. For one, they also show an increase in “induction 
time” (time before detectable formation of CaCO3 precipitate, determined by 
transmission of light through the solution) with increasing Ca2+ concentration, which 
matches the trend in initial incubation time that we observe here (Fig. 6.6a). 
Additionally, they calculate the supersaturation as a function of time and show that, 
coincident with the induction point, the supersaturation of the solution rapidly 
increases to a maximum level that is proportional to the initial Ca2+ concentration, and 
is above the solubility of ACC (i.e., 𝜎(WL(Iij > 4.8), even for initial Ca2+ concentration 
as low as 10 mM.  
Because Ihli, et al. use a much large volume of growth solution (70 mL vs. 3 mL) 
and a much larger growth chamber (2.6 L vs. 12.7 mL) than we use in the in-situ 
experiments here, the supersaturation in our system is most likely different than theirs. 
We have estimated the initial supersaturations of our system by making a conservative 
estimate for the initial concentration of CO32- (Fig. 6.2). Based on these estimates, it is 
clear that growth from this system at the higher initial Ca2+ concentrations (> 15 mM) 
used here likely occurs at supersaturation levels near or above the threshold level for 
ACC formation. 
We hypothesize that the formation of ACC particles before and during the growth 
of the larger calcite crystals may explain the non-classical trend in initial incubation 
times and growth rates that we observe here. For example, calcite has been shown to 
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grow after an initial formation of ACC and/or vaterite, especially at relatively high 
supersaturations [62-64]. Thus, the increase in initial incubation times with initial Ca2+ 
concentration we measure here might be related to an increased tendency to form such 
ACC particles before calcite at the higher supersaturations. Additionally, in the 
presence of ACC particles, calcite growth has been shown to proceed via particle 
attachment, which may occur in parallel with classical ion-by-ion processes, thus 
maintaining the faceted calcite morphology (like the crystals we observe here) [50, 
65]. The rate laws describing the growth of calcite via particle attachment are not 
known [65]. However, it has been shown that the average size of ACC particles in 
supersaturated solution increases with supersaturation [66], and it has been shown that 
the rate of crystal growth by oriented particle attachment decreases with increasing 
particle size [67]. Tying these pieces of evidence together, it seems that the 
observation here (growth rate of calcite crystals not increasing with supersaturation) is 
consistent with growth occurring via attachment of ACC particles.  
Finally, we also note that the solution stoichiometry (ratio of Ca2+ to CO32- ions) 
for growth via ammonium diffusion is not constant. Ihli et al. show that the Ca2+ 
concentration steadily decreases (because the finite supply of Ca2+ is depleted as 
CaCO3 precipitates), and the CO32- concentration steadily increases (as the excess of 
NH3 and CO2 gas continue their slow, surface controlled diffusion into the growth 
solution) [59]. This creates a situation where the ratio of Ca2+/ CO32- must be 
constantly decreasing during growth. Ca2+/ CO32- ratios not equal 1 have been shown 
to result in slower growth rates of calcite by spiral growth (at low 𝜎) [68-72], but it is 
not clear what effect this ratio might have on the growth rate of calcite via particle 
attachment.  
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6.4.2. Effect of initial Ca2+ concentration on hardness 
The key result here is that the average indentation hardness of the calcite crystals 
increases with the initial Ca2+ concentration of the pure CaCl2 solution from which 
they grew. In Chapter 4, we show that there is an indentation size effect (ISE) in 
calcite, such that the measured hardness decreases as the indentation size increases, 
and that due to the anisotropy of the slip and twin systems in calcite, there is a small 
(~12 %) decrease in hardness for indentations made at special orientations where 
mechanical twins can form, and a relatively large difference in indentation modulus 
(~23 %) between measurements on different crystal planes. Since we only compare 
the hardness measured at one load (2.5 mN), we expect that the ISE should not play a 
role in our comparisons. Furthermore, since measurements were made across multiple 
(10 to 15) randomly-oriented crystals from each growth condition, we expect that any 
anisotropy effects should average out in a similar way for each sample set. Thus, 
crystal anisotropy probably contributes to at least some of the variation within any set 
of measurements on crystals from one initial Ca2+ concentration, but should not 
explain the variations in the averages between the different sets. Also, the indentations 
were corrected for the effect of the compliant matrix in which they had to be 
embedded prior to indentation, so we expect the measured values to represent the 
properties of the crystals only.  
The indentations on these crystals were analyzed at low enough maximum load 
(2.5 mN) that they are below the cracking threshold in calcite at most crystal 
orientations (e.g., see similar indentations in Chapters 4 and 5), so we expect the 
measured hardnesses to primarily be a measure of resistance to plastic deformation. In 
a crystalline material like calcite, plastic deformation occurs by dislocation slip. Thus, 
an increased hardness means an increased resistance to dislocation slip. Indentation 
experiments on certain biogenic [29] and synthetic [35, 36, 38, 73-76] single crystals 
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of calcite have also shown an increased hardness, compared to a pure control crystal 
measured at the same load. However, to the best of our knowledge, existing reports of 
increased hardness in calcite crystals can all be explained by the presence of impurities 
within the crystals. Here, we grew crystals from a CaCl2 solution, in the absence of 
any impurities, thus the cause of this increase in hardness cannot be the usual impurity 
strengthening mechanism, as described elsewhere [35-38]. Instead, the strengthening 
must be explained by other crystallographic defects that can impede dislocation 
motion. For example, high dislocation densities and/or the presence of voids could 
impede the motion of geometrically necessary dislocations generated during 
indentation, and increase the measured hardness.  
Since the growth rates of crystals measured here do not increase with the initial 
Ca2+ concentration in the solutions from which they grew, defects in these crystals 
cannot simply be remnants of classical growth mechanisms at higher growth rates. For 
example, in the regime of supersaturations where growth is dominated by spiral 
dislocations and/or 2D nucleation, growth at higher rates is associated with increased 
density of kinks on the growing crystal surface (which may be incorporated into the 
final crystal), as well as an increased tendency to occlude small pockets of the growth 
solution liquid within the crystal [39]. But since the defects in our crystals apparently 
do not track with growth rate, then where do the defects come from? Since we have 
established that the supersaturations in our growth experiments (especially those with 
initial Ca2+ concentration > 15 mM) are likely above the threshold for ACC formation 
(𝜎(WL(Iij = 4.8), and thus also beyond the regime where classical ion-by-ion growth 
should dominate, we consider how non-classical growth by particle attachment might 
create crystallographic defects. 
Prevailing theories to describe non-classical growth of calcite suggest that growth 
by attachment of large (> 10 nm) ACC particles may occur simultaneously with ion-
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by-ion growth [50, 65]. One theory is that under certain conditions ACC particles in 
solution migrate towards a growing surface of a calcite crystal, diffusion and surface 
tension will favor its movement towards growing steps and kinks on the crystal 
surface, where the ACC particle will land and crystallize in alignment with the lattice 
of the growing crystal [50]. In this way, faceted calcite crystals can form even when 
grown via an amorphous precursor, and in-situ AFM of a growing calcite facet 
exposed to ACC particles has provided direct evidence for this type of behavior [65]. 
Because of the faceted morphology of the crystals grown here, we speculate that this 
kind of particle attachment growth may be occurring here. 
Growth by attachment of nanocrystalline particles has been demonstrated to 
generate dislocations to accommodate any difference in orientation between adjacent 
particles [52-56]. It is unknown how the attachment of amorphous ACC particles 
could also create defects, but it has been suggested as a possibility [16, 58]. 
Determining the exact mechanism for defect creation is difficult since the exact 
mechanism controlling the transformation from ACC to calcite after attachment is not 
known, and may involve a solid-state transformation and/or an interface-coupled 
dissolution-reprecipitation mechanism [50]. We can imagine ways in which either 
could cause defects: (1) The change in density associated with a solid state 
transformation would have to leave gaps between the initially spherical ACC particles, 
and it is not clear how those would be filled. Or (2) if there was any poorly crystalline 
intermediate involved in dissolution-reprecipitation [77] then dislocations or voids 
might have to accommodate any difference in orientation that occurred during this 
process. The decrease in the average modulus of the crystals grown at higher initial 
Ca2+ concentrations (especially those grown at 1,000 mM initial Ca2+), is consistent 
with the accumulation of voids. As a rough estimate (using the rule of mixtures), the 
percent decrease in modulus of a crystal containing voids (compared to the same 
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crystal without voids) should be equal to the volume fraction of voids. This calculation 
suggests that the crystals grown from 1,000 mM initial Ca2+ might contain ~15% void 
space on average. 
6.5. CONCLUSION 
By using straightforward solution growth of calcite, we have demonstrated that the 
hardness of synthetic calcite crystals can be increased by simply increasing the 
supersaturation of the growth solution.  Of particular importance, unlike in other 
studies of synthetic calcite, the calcite is grown without the addition of any impurities, 
and still exhibits increased hardness as compared to controls. Our results show that the 
average hardness of calcite crystals increases with the initial supersaturation of the 
solution from which they grow, from an average hardness that closely matches that of 
an Iceland spar control at low initial supersaturation, to a 44% increase in hardness at 
the highest initial supersaturation. Since we have not added impurities to the growth 
solution, the strengthening must be explained by other crystallographic defects that 
can impede dislocation motion (e.g., dislocation tangles and/or voids). The decrease in 
the average indentation modulus of the crystals grown at the higher initial 
supersaturations is consistent with the inclusion of such crystallographic defects. 
Furthermore, in-situ observation of the growth of these crystals shows that the growth 
kinetics (especially the initial incubation time) change with initial supersaturation in a 
way that is consistent with non-classical mechanisms of growth that involve the 
formation of ACC particles before calcite growth. Based on these results, we speculate 
that growth via ACC may lead to the incorporation of crystallographic defects within 
pure calcite crystals, in such a way that increases hardness and/or reduces modulus. 
These results have important implications towards better understanding the origins of 
the increased hardness of many biogenic and synthetic calcite crystals. 
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CHAPTER 7: SUGGESTIONS FOR FUTURE WORK 
The work presented in this dissertation was undertaken with the intent to understand 
mechanical deformation and strengthening mechanisms in calcite single crystals. 
Successful strides were made towards this goal through the work described in the main 
chapters (4-6), as well as through the previously published collaborative work 
described in the Appendix chapter. The conclusions to each of those studies are 
included in their respective chapters. Here, I provide a compilation of some of the 
remaining questions, and provide suggestions for previous work to help answer those 
questions. 
7.1. Variation among control calcites  
In Chapter 4, I show that there is significant scatter in the reported hardness of 
(presumably pure and defect free) control calcites found in the literature, even after 
accounting for an indentation size effect. I also show that the mechanical anisotropy of 
the crystal may contribute to this scatter, but it seems that anisotropy can only account 
for some fraction of the scatter at any given load or depth. What then, accounts for the 
remaining variations? One of the assumptions inherent to my analysis is that all the 
control samples that other authors have described as “pure” and/or “optically clear” 
natural or geologic calcite crystals represent more or less the same pure material. 
However, it is unknown if this assumption is valid. Because detailed descriptions 
(other than the hardness) of many of these control calcites is lacking, it is not possible 
to determine if these calcites are really of the same purity and perfection from 
published data alone. A detailed study of the impurity and defect content of many 
commonly available natural calcites would provide a good baseline. Otherwise, more 
detailed descriptions (origin, size, impurity content, etc.) of calcites used as controls in 
future studies would be helpful.  
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7.2. Origin / mechanism of indentation size effect 
In Chapter 4, I show that the reported hardness values for control calcites show a 
significant indentation size effect (ISE). While the existence of an ISE has been 
reported for many different materials and is generally well known, mechanistic 
descriptions are lacking in many cases. Some of the most successful descriptions of 
ISE for low-load indentations in many materials are based on strain-gradient plasticity. 
The fits to the entire range of ISE data in Chapter 4 show that the data is better 
described by a purely empirical semi-log fit than by a popular ISE model based on 
strain gradient plasticity [1]. Assuming that the large amount of scatter in the data does 
not obscure the form of the fit, these fits to the data suggests that the ISE in calcite 
may not be caused by strain gradient plasticity, at least not across such a large range of 
indentation sizes. It’s also not clear what effect the anisotropic deformation due to 
mechanical twinning in calcite might have on ISE. Future work to more carefully 
quantify and explain the ISE in calcite may help answer these questions. For example, 
indentation across a large range of indentation sizes on the same calcite sample at 
specific crystal orientations would be helpful. At least, any future studies on calcite 
should clearly describe the indentation size, and only compare to the hardness of 
calcite measured at that same indentation size. 
7.3. Experimental bounds of indentation correction method 
In Chapter 5, I show that an accurate nanoindentation measurement of hardness and 
modulus can be made on a particle embedded in a more compliant matrix by applying 
an iterative correction method. Like the method proposed by Jakes, et al. [2, 3] for 
other types of elastic heterogeneities in nanoindentation samples, my method requires 
that the additional compliance due to the matrix is constant, i.e., independent of 
indentation 
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and corrected data seems to suggest that this assumption is reasonable for the ratio of 
indentation size to particle size explored here, but the upper and lower limits to this 
ratio have not been clearly defined. Performing similar experiments on more extreme 
sample configurations (e.g., smaller/stiffer particles and/or more compliant matrices) 
might help to empirically define these boundaries. Furthermore, comparison to FEA 
simulations might also be helpful.  
One of the main advantages of my method to that of Jakes, et al. [2, 3] is that it 
does not implicitly assume that the sample shows no ISE. My results on calcite over a 
small (7.5 mN) load range show that the expected ISE is indeed retained after 
correction. However, the ISE over this load range is relatively small and thus the full 
extent of the advantages of my method are not clear. Similar experiments over larger 
load ranges and/or on a material with even more dramatic ISE may be enlightening. 
Even though the bounds of the correction method are not clear, it is clear that the 
effect of surrounding material is strong in many cases. Thus, it is important that future 
researchers are at least careful to consider and note any possible effect of surrounding 
material when reporting indentation data, and to correct it whenever possible. 
7.4. Defect structure in pure calcites 
Previous work has established that impurities are an important strengthening 
mechanism in many biogenic calcites. In Chapter 6, I show that the hardness of 
synthetic calcites can be increased without adding impurities to the crystals. It seems 
that this increase in hardness must be due to the existence of crystallographic defects 
within the crystals, but the exact nature of these defects is not clear. Further study of 
calcite crystals grown at high supersaturations would help explain. For example, 
electron microscopy might help identify the nature of any dislocation and/or void 
structure. In-situ imaging, of both crystal growth and deformation, would be especially 
 220 
helpful in elucidating the mechanism of defect formation and the mechanism of 
strengthening, respectively. 
7.5. Further strengthening single crystals 
In the collaborative work included in the Appendix chapter, we show that the strength 
of calcite crystals can be increased by the incorporation of single-molecule amino acid 
impurities in the crystal. Furthermore, we show that this strengthening can be 
described in terms of the force required for a mobile dislocation in the crystal to tear 
apart the covalent bonding in the molecule. Thus, this kind of impurity strengthening 
is governed by the force to move a dislocation in the crystal (related to the shear 
modulus of the crystal) and the strength of the bonding in the impurity molecule. 
Using the strengthening equation presented in that paper, it would be interesting to 
explore other crystal / impurity combinations. For example, impurities with stronger 
bonding should impart greater strengthening than those with weaker bonding. 
Likewise, impure crystals with greater shear moduli should display greater 
strengthening (compared to a pure control crystal), than would impure crystals lower 
shear moduli.  
Another avenue to explore would be to combine strengthening by crystallographic 
defects (e.g., dislocation tangles and/or voids) with impurity strengthening. In this 
dissertation, I have shown how either feature can increase the hardness of calcite to 
similar levels. It is not clear what the effect of combining these features might be. One 
way to explore this in calcite might be to grow crystals in the presence of impurities at 
high supersaturation. Again, it would also be interesting to explore these features in 
other crystal / impurity systems.  
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ABSTRACT 
Structural biominerals are inorganic/ organic composites that exhibit remarkable 
mechanical properties.  However, the structure-property relationships of even the 
simplest building unit – mineral single crystals containing embedded macromolecules 
– remain poorly understood. This article investigates the origin of the superior 
hardness of biogenic calcite by creating “model biominerals” from calcite single 
crystals containing glycine (0-7 mol%) or aspartic acid (0-4 mol%). Lattice distortions 
in these crystals were analyzed using x-ray diffraction and molecular dynamics 
simulations, while SS-NMR showed that the amino acids are incorporated as 
individual molecules. Nanoindentation hardness increased with amino acid content, 
reaching values equivalent to their biogenic counterparts. Finally, a dislocation 
pinning model reveals that the enhanced hardness is determined by the force required 
to cut covalent bonds in the molecules. 
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INTRODUCTION 
Biominerals such as bones, teeth and seashells are characterized by properties 
optimized for their functions.  Despite being formed from brittle minerals and flexible 
polymers, nature demonstrates that it is possible to generate materials with strengths 
and toughnesses appropriate for structural applications.(1)  At one level, the 
mechanical properties of these hierarchically structured materials are modeled as 
classical composites consisting of a mineral phase embedded in an organic matrix.(2) 
However, the single crystal mineral building blocks of biominerals are also 
composites, containing both aggregates of biomacromolecules as large as 20 nm(3, 4) 
and inorganic impurities.(5, 6)  While it should be entirely possible to employ this 
simple biogenic strategy in materials synthesis,(7, 8) the strengthening and toughening 
mechanisms that result from these inclusions are still poorly understood.(9, 10)  This 
work addresses this challenge by analyzing hardening mechanisms in a simple model 
biomineral system: calcite single crystals containing known amounts of amino acids.  
We report synthetic calcite crystals with hardnesses equivalent to those of their 
biogenic counterparts, and offer a detailed explanation for the observed hardening. 
Since plastic deformation in single crystals occurs by the motion of dislocations, 
hardness is enhanced by features that inhibit dislocation motion. The mechanisms by 
which guest species may harden ionic single crystals generally fall into two categories.  
Second phase particles directly block dislocation motion, requiring a dislocation to 
either cut through (shear) a particle or bypass it by a diffusive process to keep 
going.(11) Solutes (point defects) do not directly block dislocation motion, but the 
stress fields of the dislocations interact with those associated with misfitting solutes, 
retarding dislocation motion.(11)  To fully understand the hardening mechanisms of 
single crystal biominerals, one must determine the relationship between the hardness 
and the concentrations of the different types of guest species.  For example, the effect 
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of Mg2+ substitutionals has been determined, and was shown to be consistent with 
solute strengthening.(12)  Determination of the hardening mechanism of occluded 
organic additives has proven far more challenging.  While species ranging from small 
molecules,(13, 14) to peptides(15) and proteins,(16, 17) to nanoparticles(8, 18, 19) and 
fibers,(20, 21) have been incorporated in calcite, the effect of these inclusions on 
mechanical properties is not yet known.  Occlusion of 200 nm latex particles within 
calcite single crystals was shown to reduce their hardness,(7) while in a pioneering 
study, the incorporation of polymeric micelles having sizes comparable to those of the 
protein occlusions in biominerals was shown to increase hardness.(8)  However, due 
to an inability to control the number of micelles occluded, it was not possible to 
quantitatively characterize their hardening effect.  
The present study describes a model system – created by the incorporation of the 
amino acids aspartic acid (Asp) and glycine (Gly) within calcite – in which we can 
precisely tune the compositions of our single crystal composites over a wide range, 
and thus finally determine the origin of the hardening effects of small organic 
molecules.  By application of x-ray diffraction and molecular dynamics simulations to 
characterize the local and global distortions of the crystal lattice, NMR to demonstrate 
that the amino acids are present as individual species within the crystal, 
nanoindentation to determine the hardness, and a dislocation pinning model, we show 
that the enhanced hardness is determined by the force required to cut a single covalent 
bond.  This analysis provides strong evidence that the occluded molecules function 
more like second-phase particles than as point defects.   
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RESULTS 
Incorporation of Asp and Gly in Calcite Single Crystals 
Calcite was precipitated in the presence of Asp or Gly using the ammonium diffusion 
method,(22) and the crystals were characterised using SEM and optical microscopy 
(Figure 1).  Crystals were 20-50 µm in size and took the form of perfect rhombohedra 
at low additives concentrations, and at higher concentrations transitioned to elongated 
particles with highly roughened sides, which were capped at each apex with three, 
smooth {104} faces. (23) The amounts of amino acids occluded within these crystals 
were determined using reverse-phase high-pressure liquid chromatography (HPLC) 
after dissolution of the crystals. All samples were bleached before dissolution to 
remove surface-bound amino acids. (24, 25) The relationship between the initial 
concentration of amino acid in the reaction solution ([AA]Sol) and the mole fraction of 
amino acids incorporated ([AA]Inc) was determined by holding [Ca2+] = 10 mM whilst 
varying the amino acid concentration (Figure 2a).  Looking first at Asp, there is a 
roughly linear relationship between [Asp]Sol and [Asp]Inc until [Asp]Sol = 50 mM and 
[Asp]Inc = 3.9 mol%, after which point [Asp]Inc reduces. The incorporation of Gly 
shows a similar strong correlation with [Gly]Sol, but is less efficient, with lower 
occlusion levels observed for equivalent values of [AA]Sol ([Gly]Inc = 1.1 mol% at 50 
mM Gly). However, while Asp occlusion reaches a maximum at » 3.9 mol%, Gly 
occlusion continues to increase, reaching values as high as 6.9 mol% at 400 mM Gly.  
These values are far higher than those obtained in a previous study of amino acid 
incorporation in calcite,(13) highlighting the importance of the growth conditions in 
achieving occlusion. Higher Gly concentrations were not examined due to strong 
growth inhibition under those conditions. 
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Figure 1.  Crystal Morphologies.  Representative SEM images showing calcite 
crystals precipitated with different conditions of [AA]sol and initial [Ca]sol = 10 mM.  
(A to C) [Asp]sol = (A) 5 mM (B) 20 mM (C) 50 mM.  (D to E) [Gly]sol  = (D) 10 mM 
(E) 100 mM (F) 200 mM.   
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A measure of the efficiency of amino acid occlusion was also obtained from the 
distribution coefficient, D = [AA]inc/[AA]sol, where the high values of D at low 
solution concentrations of Asp serve to emphasise the far more efficient occlusion of 
Asp than Gly (Figure 2b).  This trend can be attributed to the charge on the Asp 
molecule, and its greater hydrophilicity.(26, 27)  The effect of the growth rate on 
amino acid occlusion was also investigated for Asp by precipitating calcite at [Ca2+] = 
2–100 mM at a fixed initial [Asp]Sol = 10 mM (data not shown).  Incorporation was 
strongly dependent on the growth rate, increasing from 0.4 mol % at [Ca2+] = 2 mM to 
1.9 mol % at [Ca2+] = 50 mM (Figure 2c).  This effect is additionally seen in the 
increase of D with crystal growth rate and [Ca2+](Figure 2d) and is fully consistent 
with an occlusion mechanism based upon binding to step edges, where the density of 
step edges increases with supersaturation.(28) 
Effects of Incorporated Amino Acids on the Lattice Structure 
Previous studies utilizing synchrotron high-resolution powder diffraction (PXRD) 
have shown that occlusion of organic molecules in both biogenic and synthetic 
calcium carbonates give rise to lattice distortions.(13, 29)  In the present study, the 
effects of the occluded amino acid on the crystal lattice were studied using 
synchrotron PXRD and the diffraction patterns were modelled using full pattern 
analysis by Rietveld refinement as well as line profile analysis.  Occlusion of both Asp 
and Gly resulted in anisotropic lattice expansion, where the lattice distortions were 
about an order of magnitude greater along the c-axis than the a-axis (Figures 3a and 
3b).  Both amino acids caused similar degrees of distortion along the c-axis at low 
incorporation levels, while the strains in Gly are higher than those in Asp at values of 
[AA]Inc exceeding 1 mol%, reaching 0.3% at [Asp]inc = 3.9 mol% and 0.5% at [Gly]inc 
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= 6.9 mol%.  Gly again caused somewhat more distortion along the a-axis at higher 
levels of occlusion. 
Analysis of the broadening (FWHM) of the full spectra and individual PXRD 
peaks showed that the domain sizes falls in the ranges 200 to > 1000 nm (Asp/calcite) 
and 500 to > 1000 nm (Gly/calcite) (data not shown).  The degree of broadening 
varied across the different lattice planes, being greatest for the (006) planes, and in 
common with the lattice distortions, Gly had a greater effect than Asp at equivalent 
values of [AA]Inc (Figures 3c, 3d and S5).  The broadening generally increased with 
increasing [Asp]Inc, before levelling-off above 1 mol% occlusion, while for many of 
the lattice planes [Gly]Inc reached a maximum at » 2-4 mol%, before decreasing again.  
This trend was particularly clear for the (006) planes.  The consequence of this 
behaviour is that all of the diffraction peaks from the crystals occluding 6.9 mol% Gly 
have comparable broadening levels (Figure 3d).  It is also notable that the maximum 
of the peak broadening occurs at the same value of [Gly]inc at which the lattice 
distortions begin to saturate.   
Occlusion of individual amino acids within calcite gives rise to inhomogeneous 
distortions throughout the lattice, which increase the average lattice parameter.  This 
observation is consistent with a model in which, as [AA]inc increases, the strain fields 
around the molecules begin to overlap, and the strain inhomogeneity decreases as the 
macrostrains continue to increase (Figures 3e and 3f).  Our data raise the possibility 
that the Gly molecules may be sufficiently close to each other at the higher occlusion 
levels that the local strain fields around them begin to overlap. Our PXRD data 
provides no evidence for segregation of amino acids within the lattice at higher 
concentrations, with the exception of crystals grown at [Asp]sol = 100 mM. 
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Figure 2.  Occlusion of aspartic acid and glycine.  (A) The amount of amino acid 
occluded within the CaCO3 crystals, [AA]inc, as a function of the initial concentration 
of amino acid in solution, [AA]sol, for Asp and Gly at [Ca2+]sol = 10 mM.  (B) The 
distribution coefficients for Asp and Gly in calcite as a function of the initial [AA]sol at 
[Ca2+] = 10 mM.  The insets show sub-section of the respective graphs.  (C) The 
amount of Asp occluded as a function of [Ca2+]sol at an initial [Asp]sol = 10 mM.  (D) 
The distribution coefficient of Asp in calcite at and initial [Asp]Sol = 10 mM. 
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Figure 3.  XRD analysis.  (A and B) Lattice distortions arising from the incorporation 
of aspartic acid and glycine in calcite, (A) along the c-axis and (B) the a-axis.  (C and 
D) XRD peak broadening (FWHM) due to strains induced by (C) aspartic acid and (D) 
glycine incorporation.  The inhomogeneous strains show a maximum with (E) aspartic 
acid (F) glycine while the macrostrain continues to increase, as is consistent with 
overlapping of the strain fields associated with the individual molecules as the 
spacings between the molecules become smaller.  
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ssNMR Analysis of Calcite Crystals Occluding Asp and Gly 
ssNMR was employed to determine whether the amino acids are isolated, or clustered 
within the calcite lattice.  Calcite crystals were precipitated in the presence of 25 mM 
of both 1,4-13C2 Asp and 3-13C Asp, and were analysed using proton driven spin 
diffusion (PDSD) (Figure 4).  The figures show conventional contour plots from the 
2D PDSD experiment (in blue), overlaid by a row (red) extracted from the dataset at 
the chemical shift of the Asp 3-carbon signal (Figure 4a) and the overlapped Asp 1- 
and Asp 4-carbon signals (Figure 4b).  The extracted rows reveal whether there is any 
spin diffusion between the two isotopomeric amino acids, which would indicate 
proximities of » 0.5 nm between the Asp 3-carbon and the Asp 1- and Asp 4-carbons.  
These would manifest as peak intensity in each of the extracted rows at the frequency 
corresponding to that of the “off diagonal” signal; the relevant frequencies are 
indicated by vertical red dashed lines in both figures.  There is no intensity at either 
frequency, and thus no evidence of any intermolecular Asp-Asp association.  Identical 
analyses was performed for calcite precipitated in the presence of 1-13C Gly and 2-13C 
Gly, and the data again suggested that Gly molecules are individually dispersed in the 
lattice (data not shown). 
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Figure 4.  Solid-state NMR Analysis.  Contour plots of a proton driven spin diffusion 
(PDSD) analysis of calcite precipitated in the presence of [1,4-13C2 Asp] = [3-13C Asp] 
= 25 mM.  The red traces are rows extracted from the 2D dataset at the frequency of 
the (a) 3-carbon signal and (b) the overlapped 1,4-carbon signals.  Proximity between 
the 3- and the 1,4-labelled Asp would manifest as a peak (in the red trace) at the 
frequency of the (a) 1,4-carbon and (b) 3-carbon, as indicated by the dashed vertical 
red line. 
a) 
 
b) 
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Simulations of the Incorporation of Asp and Gly in Calcite 
Molecular Dynamics simulations were performed to gain an understanding of the 
atomistic interactions between the mineral and amino acids.  The calcite model 
consisted of a block of calcite (34 x 44 x 34 Å) with 864 CaCO3 formula units and two 
charged states of each amino acid (Asp2-, Asp1-, Gly1- and Gly0) were considered as the 
pKa values of the amino acids were close to experimental pH values (Figure S7).  The 
amino acids were inserted by first removing Ca2+ and CO32- ions, and then placing the 
amino acids within the resulting defect.  Charge matching and minimum strains were 
achieved when each Gly0 replaced one CaCO3 formula unit, each Asp2- one CaCO3 
unit and a CO32- ion, two Gly1- replaced one CaCO3 unit and a CO32- ion, and two Asp1- 
replaced two CaCO3 units and a CO32- ion.   
The configurations of the Asp2- and Gly0 molecules in the calcite lattice are shown 
in Figure 5a.  The Asp molecules are occluded such that the carboxylic acid groups on 
Asp replace CO32- groups on adjacent carbonate planes with a very good fit.  A less 
favourable fit is obtained with Gly.  This effect is also seen in the radial distribution 
data of the Ca-Ca distances in pure calcite and those for calcite occluding Asp2- and 
Gly0, which show that Gly0 is more disruptive of the calcite lattice than Asp2- (Figure 
5b).  These distortions may well account for the reduced efficiency of incorporation of 
Gly than Asp.  Simulations were also performed to model the macrostrains arising 
from occlusion of amino acid molecules, where these data provide a bridge between 
our model of amino acid incorporation in the lattice and the experimental XRD data.  
This model was implemented by expanding the crystal axes independently.  The 
calculated configurational energies rose much faster when the crystal was strained 
along the a-axis than the c-axis (Figure 5c), as is consistent with the elastic anisotropy 
of calcite.(29A) For crystals containing 2.3 mol% Asp2- and 2.8 mol% Gly0 (to 
correspond to samples characterised by XRD) the minimum energies are found at 
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macrostrains that are in excellent agreement with the experimental values.  The total 
inclusion energy also steadily increases with the amount of occluded amino acid 
(Figure 5d), as would be expected based on a certain misfit per molecule.   
Interestingly, the total inclusion energies (reported per mole of CaCO3) were 
similar for both Asp2- and Gly0.  Back-of the-envelope calculations of the misfits of 
Gly0 and Asp2- in the calcite lattice give values of 8.1% for Gly0 and 3.9% for Asp2- 
(see SI for calculation), where these misfits result in large tensile strains in the calcite 
lattice in the neighbourhood of each AA molecule that drop off rapidly with distance 
from the molecule. (30) Although each occluded Gly is associated with larger strains 
than Asp, Gly is also significantly smaller than Asp, such that each molecule affects a 
smaller volume of the calcite lattice.  Our data suggest that these contrasting effects 
are of similar magnitude here, giving rise to the similar inclusion energies. 
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Figure 5. (NEXT PAGE)   
Molecular Dynamics Simulations. (A) The total occlusion energy for Asp2- and Gly0.  
(B) Radial distribution function of Ca-Ca distances in pure calcite and calcite with 
occluded Asp2- and Gly0.  (C) Configurational energies of calcite with occluded Asp2- 
and Glyo, calculated on expansion of the calcite crystal along the c-axis and a-axis.  
The energy minima are found at Δc/c values of 0.002 and 0.003 for the incorporation 
of 2.3 mol% Asp2- and 2.8 mol% Gly0 respectively.  ‘x’ denotes the energy minimum 
of pure calcite, where the arrow shows the distortion from the pure calcite sample to 
the experimental values found at and ‘o’. (D) Schematics showing Asp2- and Glyo 
occluded in the calcite crystal.  
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Figure 5.  Molecular Dynamics Simulations. 
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Determination of the Mechanical Properties 
Finally, the mechanical properties of the amino acid-containing calcite crystals were 
measured using nanoindentation. Indentations approximately 200 nm deep and 1.4 µm 
wide were made using a Berkovich (triangular pyramid) indenter, and the load-
displacement data from each indentation were analysed to determine hardness, H, and 
indentation modulus, EIT. (31).  Loads applied were sufficiently small (10 mN) that 
cracking was suppressed and indentations were formed by plastic deformation (Figure 
6a).  The hardness of the calcite crystals significantly increased with occluded amino 
acid content, starting at 2.5 GPa—equivalent to Iceland spar, a pure and highly perfect 
geologic form of calcite (9)—and reaching values of 4.1 +/- 0.3 GPa for occlusion 
of 2.2 mol% Asp, and 4.1 +/- 0.3 GPa for occlusion of 6.9 mol% Gly (Figure 6a). 
Crystals with higher mol% of Asp inclusion were not tested because of the small and 
irregular sizes of these samples (data not shown). These values are comparable to 
biogenic calcite (values of 3.4–4.2 GPa have been reported on the {001} face of the 
mollusk Atrina rigida),(9) and exceed the hardnesses of other synthetic calcite systems 
with occluded species reported to date including calcite grown with occluded polymer 
micelles (Hmax ≈ 3.0 GPa),(8) and with Mg substitutions for Ca (Hmax ≈ 3.4 GPa).(12)  
In contrast, the indentation modulus was insensitive to [AA]inc, as expected based on a 
rule of mixtures model for a material containing a small volume fraction of a different 
phase.  
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Figure 6. (NEXT PAGE)  
Mechanical Properties.  (A) Hardness vs. [AA]inc for calcite occluding Asp and Gly 
(inset: scanning force image of representative plastic indentation in calcite).  
Schematics of (B) dislocation bowing out between AA molecule pinning points, and 
(C) force balance between dislocation line tension T and the resisting force F provided 
by the molecule. The “cutting force” Fc is the force needed for the dislocation to cut 
the molecule.  Since Fc << T, the effective spacing L´ is greater than the actual spacing 
L.  (D) Hardness vs. L-1 = (Cv,AA*t)0.5, where the linear behaviour supports blocking by 
molecules as the strengthening mechanism.  (E) Fc calculated using measured 
hardness and estimated molecular spacings as compared with expected mechanical 
bond strengths.   
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Figure 6.  Mechanical Properties. 
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Discussion 
Precipitation of CaCO3 in the presence of Asp and Gly provides a system in which we 
can precisely tune the amounts of these small molecules within calcite single crystals 
across a broad composition range, allowing us to study in detail the relationship 
between the quantities of molecules occluded, their effects on the lattice distortions, 
and ultimately on the hardness.  Since the calcite deformed plastically without 
cracking in these small-scale experiments (Figure 6a), the origin of the hardening 
effect can be determined by analyzing the slip systems in the material and the stresses 
needed to activate them with respect to the amount of amino acid occluded (full 
derivation not shown here).  As hardness provides a measure of the resistance to 
motion of dislocations on these slip planes, the increase in hardness with increasing 
AA content demonstrates that the AA molecules provide effective impediments to 
dislocation motion. 
The AA molecules can impede dislocations when either the stress fields around the 
molecules interact with the stress fields of the dislocations (like solutes), and/or when 
dislocations are blocked by the molecules themselves (like second phase particles).  
However, while the peak width (inhomogeneous strains) level off or decrease above 
[AA]inc ≈ 1 mM, hardness continues to increase to [AA]inc ≈ 2 mM (compare Figures 
3c and 3d with Figure 6a).  Furthermore, the hardness is the same for both amino acids 
at the same [AA]inc, despite the fact that the distortions are very different.  These 
observations suggest that direct blocking by the molecules is the dominant hardening 
mechanism.  To test this idea, we consider a dislocation interacting with a random 
array of AA molecules (Figure 6b).  The molecules impede the dislocation’s motion, 
causing it to bow out.(32) Since lattice diffusion is not observed in calcite at room 
temperature, the dislocation can continue to move only by shearing the molecules.  At 
each molecule, the dislocation line tension T is balanced by the resisting force of the 
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molecule (Figure 6c) and when a critical force is reached, known as the “cutting 
force,” Fc, the dislocation cuts the molecule and moves on.  Thus, if blocking by AA 
molecules dominates the increase in hardness, then Fc corresponds to the force 
required to cut a molecule. 
If we assume that T > Fc, and that the hardness of the crystal is just the sum of its 
intrinsic resistance to dislocation motion—i.e. the hardness of pure calcite—and the 
additional hardening due to AA molecules, we can write (derivation not shown here): 
 , (1) 
where Ho is the hardness of pure calcite, b the Burgers vector magnitude, and L the 
spacing between molecules.  Since we know Ho, can estimate T and b, and have 
measured H as a function of [AA]inc, if we can determine L from [AA]inc, then we can 
determine the actual cutting force for the molecules.  To estimate L, we consider the 
AA molecules to be uniformly distributed throughout the crystal, consistent with the 
SS-NMR data, and approximate the configuration of the molecules as a square array.  
This analysis gives L = (Cv,AAt)-0.5 where Cv,AA is the number of AA molecules/volume 
and t is the thickness of a thin slice, which is set equal to the diameter of the AA 
molecule (derivation not shown here).  We can now use Eq. 1 to find the cutting force, 
Fc, for each experimentally measured H, where we obtain values around 1 nN (Figure 
6d).  This value lies just below reported strengths of single covalent bonds (1.5 to 4 
nN (33-35)) and well above a typical ionic bond strength of 0.1 nN.(36)  Since the 
hardness represents an average of all of the events that inhibit dislocation motion, this 
result strongly suggests that the hardening effect of these occluded molecules comes 
from the force required to shear them.   
Further support for this model comes from the functional form of the variation of 
hardness with [AA]inc.  For a constant obstacle strength (Fc in this case), H should vary 
H = H0 + 4.8(Fc / bL) Fc / 2T
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linearly with the inverse of the obstacle spacing, L-1 (Eq. 1).  Since L = (Cv,AAt)-0.5, H is 
expected to vary linearly with (Cv,AAt)0.5.  A power law fit to the H vs. Cv,AAt data 
returns an exponent of 0.52, so H indeed varies linearly with (Cv,AAt)0.5 (Figure 6e).  
Despite the different sizes of the molecules, when intermolecular spacings are taken 
into account, the hardness depends on the bond strengths in the individual molecules, 
which are essentially the same for Asp and Gly. 
Conclusions 
This work provides new insights into the mechanical properties of inorganic/ organic 
nanocomposites.  By creating a system that is at first sight very simple – the occlusion 
of amino acids within calcite single crystals – we are finally able to quantitatively 
correlate the composition of the resultant composite crystals, to the hardness.  At the 
heart of our strategy is the ability to achieve extremely high levels of occlusion of up 
to 3.9 mol% Asp and 6.9 mol% Gly, while retaining calcite single crystals.  Analysis 
of the changes in hardness and lattice distortions with respect to the composition 
shows that the hardening effect derives primarily from dislocations cutting the amino 
acids, as indicated by the fact that the estimated dislocation obstacle cutting force is in 
good agreement with the strength of the covalent bonds in the amino acid backbones.  
While the lattice distortions due to the occluded molecules are large, the trends in the 
hardness values were not well correlated with them.  These results are of particular 
significance to the mechanical properties of single crystal biominerals, and open up 
the possibility of using this strategy to tailor the mechanical properties of a wide range 
of materials. 
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